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CHAPTER 1 
INTRODUCTION 
1. 1 Definition of the Measurement 
The purpose :::>f this dissertation is to examine melastic back-
scattering of low-energy (;S 300 eV) electrons as a means of investigating 
solid surfaces. Back scattering of low energy electrons has often been 
used to study solid surfaces because the electron-solid interaction occurs 
within a few atomic layers of the surface. Many of the previous measure­
ments, however, have been limi~~d to elastically scattered electrons. 
Further, most of the measurements of inelastic back scattering are 
r) 
either of electrons scattered into a small solid angle around a fixed 
direction, or of electrons scattered into a wide range of solid angle. 
Even though these measurements provide useful information concerning 
the properties of surfaces, each yields only a small fraction of the in­
formation available from low energy electron back scattering. Elastic 
measurements, of course, measure only elastic cross-sections. In­
elastic measurements like those discussed above are usually made as a 
function of at most two parameters: energy of the incident beam or pri 
mary ener gy, E ' and the ene rgy of the scattered electrons to secondaryp 
energy, Es' A more complete measurement of the differential scatter­
ing cross -section would yield much more information. In the present 
work, the amount of mformation that can be obtained with a single ex­
perimental system has been increased by increasing the number of 
variable experimental parameters. Besides being able to vary the pri­
mary and secondary electron energies, we will also vary the direction 
for which scattered or secondary electrons are detected. 
Ideally, for a well-defined pr imary or incident electron momentum 
K , the intensity, I, measured by a finite size detector with a finite p 
energy resolution is given by,* 
E +6E 2 .. 
-, s s d a(K ,K ) 
ro; dE dO P s (1. 1)
s dO dEE I::ils s ss s 
2
where d (j is the differential scattering cross-section, 
dO dE 
s s 
is the momentum of the scatte red or secondary electron, I::il is the 
s 
solid ang Ie subtended by the collector and 6Es is the range of energies 
for which electrons will be detected. If we want to measure the differen­
tial cross -section directly, we must use a detector with a small solid 
angle and good energy resolution. Under these conditions, 1. 1 can be 
written approximately as, 
(1.2,) 

..
provided that 6E and t:£ls do not depend on K or ~ We will s p s 
assume that 1.2- holds for the measurements made in this inve stigation. 
Neglecting spin, the differential cross-section depends on the 
primary and secondary momentum. For the measurements reported 
~'This expre s sion doe s not take into account either the mom entum dis­
tribution of electrons in the primary beam or the influence of the 
detector on the shape of the measured intensity distributions. 
3 
here, however, the incident beam is always normal to the target surface. 
This fixe s the direction of primary momentum and so the cross -section 
and through 1. Z, the intensity become functions of four variables: the 
primary energy Ep ,secondary energy E ,and the direction of 
~ s 
K 
scattered electrons ~ s For our measurements, it is convenient to 
IKsl 
use the energy loss EL defined by 
= E - E (1. 3)P s 
instead of the secondary energy E It is also convenient to expre s s 
s 
the direction of the scattered electrons in terms of spherical coordinates. 
This is illustrated in Figure 1.1. If we imagine the electron beam to 
correspond to the z axis of a Cartesian coordinate system whose 
origin is the intersection of the beam and the target surface, the target 
surface contains the x and y axe s. The angles e and o , then 
~ 
are the colatitudinal and azimuthal angles of the unit vector s 
Iits I 
measured with respect to the Cartesi.an coordinate system just described. 
~ 
The scattering plane, which is defined as the plane containing K and 
p 
~ 
K is uniquely specified by ~ Furthermore, the scatter ing angle
s 
~ ~ 
which is defined as the angle between K and K is e . For the mea­p s 
surements reported here, then 
2 ~ ~ 2d a(K ,K ) d 0' (E ,E ,e,~) (1. 4)P s p s 

dn dE dO dE 

s s s s 
and 
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Figure 1.1. 	 Coordinate system defining the angles ~ and e 
which determine the direction of scattered electrons. 
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(1. 5) 
Each of the four independent variables in 1. 5 corresponds to an 
experimental parameter. Since we will discuss measurements of the 
intensity as a function of one or more of these parameters, it is useful to 
adopt a notation which shows explicitly which are held fixed during a 
particular measurement and which are being varied. The variables 
which are fixed will be denoted by subscripts and superscripts. Ener­
gies will be denoted by superscripts and angles by subscripts. If, for 
example, the intensity were measured with all the parameters fixed, 
ELE 
I(E ,E ,e,0) would be written as Ie0 p If we measure the inten­p L
sity as a function of one of the four parameter s, we drop it as a supe r­
sc ript or subscript and mclude it as a variable. 
In this investigation, we will make three kinds of measurements. 
We will measure energy distributions and two kinds of angular distri­
butions. An energy distribution or as it is also called,a loss profile is 
a measurement of the intensity as a function of energy loss keeping 
everything else fixed. In terms of the intensity notation, this is written 
E 
Ie~(EL) Angular distributions are measurements of the intensity as 
a function of either angle while keeping the other angle and both energies 
ELE ELE 
constant. The se are denoted by 10 P(e) and Ie P(0) 
6 
1.2. Electron-M etal Interaction 
Low energy electron back scattering falls under the general 
classification of secondary electron emission (SEE), a phenomenon dis­
covered by Austin and Stark 1 at the turn of the century. They observed 
that a solid could be made to emit electrons, which they called secondary 
electrons, by bombarding it with a beam of electrons. The electrons 
making up the incident beam are called primary electrons. Although 
secondary emission is also often called electron scattering, it is im­
portant to remember that the production of secondaries cannot be en­
tirely attributed to electrons scattered from the primary beam. Some 
also result from the escape of excited crystal electrons. Probably the 
most convincing evidence of this is the fact that for many materials, 
there are primary electron energie s at which more than one secondary 
electron is emitted for each primary. 
Electron-solid interactions either take place elastically or in­
volve an energy transfer. The secondary electrons resulting from an 
elastic collision ace called elastically reflected primaries. Collisions 
in which the primary electron gives up energy to the crystal can result 
in three kinds of secondary electrons: nearly elastically reflected 
primaries; inelastically reflected primaries; and true secondaries. 
The nearly elastically scattered electrons are those which suffer an 
inelastic collision with the solid, but the energy transfer through this 
interaction is too small to be resolved experimentally. The number of 
electrons in this category obviously depends on the resolution of the 
7 
energy analyzer used for the measurement. Usually, however, this 
category contains those electrons which have interacted with phonons. 
Inelastically scattered primaries are electrons which give up a mea­
sureable amount of energy through the interaction with the solid. This 
energy is almost always eventually transferred to a crystal electron. 
Excited crystal electrons which escape are called true secondary elec­
trons. 
The foregoing qualitative description is not theoretically exact. 
The description divides secondary electrons into categories according 
to whether the electrons were initially crystal electrons (true second­
aries) or initially in the primary beam (inelastically reflected primaries). 
Such a division ignores exchange interactions. 
The experimental results from energy analysis of the scattered 
electrons fit the qualitative description very well in spite of its approxi­
mate nature. Figure 1.2 shows a typical energy distribution. The 
scattered electrons have been divided lUto three regions. Region I 
consists of the elastically and nearly elastically scattered primaries. 
Region II consists mostly of inelastically scattered primaries. Structure 
in this region tends to occur at constant energy losses. That is, a peak 
in this region of the energy distribution will occur at the same energy 
loss E L for different value s of pr imary ene rgy E p' Such structur e 
in an energy distribution is consistent With the interpretation of an 
inelastically scattered primary which has excited the solid in some 
characteristic manner. In Region III, however, structure tends to occur 
8 
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~~. 
RegionlJ 
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Figure 1.2. 	 Typical energy distribution divided into region I 
(elastically and nearly elastically scattered electron), 
region II (inelastically scattered primaries), and 
region III (true secondaries), 
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Figure 1.3. 	 Model of metal and corresponding energy level 
diagram. 
10 
at constant secondary energy E . This behavior sugge sts strong ly the 
s 
interpretation of secondaries resulting from the decay of an excited 
state of the solid to the ground state by the emission of a lattice electron. 
Region Ill, therefore, is thought to contain mostly true secondaries. 
Now that we have described qualitatively the energy distributions 
of secondary electrons, let us examine the electron-metal interactions 
which can give rise to such distributions. In order to do this, we must 
begin by constructing a model for the met al. The model we will use is 
a periodic array of positively charged ions immer sed in a dense elec­
tron gas consisting of the conduction band electrons. Figure 1.3 shows 
a schematic representation of this model and a corresponding energy 
level diagram. Using this model for the metal, let us now consider the 
mechanisms for elastic scattering. At very low energies (:s IS eV) 
scattering from the surface potential barrier is important. At higher 
energies, however, the elastic scattering is dominated by the coherent 
scattering from the lattice ions. Such scattering is known as low 
energy electron diffraction (LEED). In this measurement, it is not 
possible to resolve inelastic collisions with the lattice (phonon emission 
or adsorption) and elastic collisions. Therefore, phonon scattering 
will be classified as a nearly elastic event. There are several mechan­
isms for inelastic collisions. As the electron enters (or leaves) the 
solid, it can excite bulk and surface plasmons. It can also cause single 
particle excitations from the conduction band or core states. 
True secondaries can be produced by direct single particle 
11 
excitation, plasmon decay, and Auger emission. Auger emission is 
caused by the rearrangement of electrons in the metal resulting from 
the creation of a hole in one of the core states. This process is an 
important means of surface investigations but does not concern this 
Z
work. The interested reader is referred to the paper by Lander 
Except for core state excitation, primary electrons lose energy 
to the metal through collisions with the electron gas. This kind of 
interaction has a very low probability of transferring enough momentum 
to the incident electron except at very low energies or grazing inci­
dence angles, to turn it around an d back scatter it from the solid. 
Electrons which give up energy to the electron gas then must also 
suffer at least one elastic collision in order to be back scattered from 
the metal. Models to explain inelastic back scattering from metals 
must therefore be mUltiple scattering models; that is, models that 
take into account the necessity for at least one inelastic collision and 
one elastic collision in order to produce an inelastically back-scattered 
primary. >l< 
The simplest multiple scattering event which can result in an 
inelastically back scattered electron involves one elastic collision and 
one inelastic collision. Such a two-step model was proposed by Davis-
son and Germer 3 in which an elastic collision is followed by an 
*Multiple scattering is also necessary to produce true secondaries. 
The momentum transferred to the solid by the primary electron tends 
to drive the electron further into the metaL Some means of momen­
tum transfer from the solid to the excited lattice electron is therefore 
necessary for it to escape from the solid. 
12 
inelastic collision. We will call such a process an El (elastic­
inelastic) process, The experimental observations which lead to the 
interpretation that inelastically scattered electrons are the result of 
an El collision follow. Suppose a maximum in the intensity of elas­
tically scattered electrons is observed for some primary momentum 
.. .. 
K = K An El collision, then, is characterized by a maximum inP 1 
the inelastic intensity which occurs at the same primary momentum 
~ = ~ Further, such an inelastic intensity peak also occurs p 1 
independent of the energy loss EL provided EL is in the range for 
which inelastically scattered primaries predominate (i. e. in region II). 
4Turnbull and Farnsworth pointed out that some of the data 
that they had obtained by specular scattering from the (Ill) surface of 
silver could be explained by a two-step model in which the order of 
the collisions was rever sed. We will call this an IE process. To 
characterize an IE process, let us ain assume that we have a 
..
maximum in the elastic intensity at ~ = K Because an inelas­p 1 
tically scattered electron loses energy before elastically scattering 
in an IE collision, a maximum in the inelastic intensity occurs for 
.. ..,
K = K instead of ~ Kl as it did in the EI process. This result 
s 1 p 
holds for electrons in on II but is otherwise nearly independent of 
.. 
K It is important to remember that these descriptions of EI and p 
IE collisions are only a means of classifying experimental results 
and not the re suit of a theory. 
5Later work by Reichertz and Farnsworth produced re sults 
13 
suggesting that both EI and IE processes occurred along with some 
other re sult s which could not be explained easily by either. This 
work was done with an electron beam directed normally on to a (100) 
copper surface. Nevertheless, like the previous measurements of 
Turnbull and Farnsworth, Reichertz and Farnswortn made measure­
ments at angles, and in the vicinity of primary energies corresponding 
to diffraction peaks of maximum intensity (e. g. Bragg peaks), More 
6
recently, Piper and Propst applied the two-step model to success­
fully correlate maxima in the elastic reflection coefficient with 
maxima in the inelastic reflection coefficient (inelastic intensity pro­
file) obtained by specular scattering from a single crystal tungsten. 
7 
Weber and Webb constructed a quantitative model for scattering 
near Bragg peaks and used this model to extract dispersion relations 
for characteristic losses observed in scattering from silver. Edwards 
8 
and Propst demonstrated that by assuming a simple two-step process, 
the dependence of the inelastic reflection coefficient on primary energy 
could be predicted qualitatively from tne elastic reflection coefficient 
9, 10data for tne same system. Porteus extended measurements of 
inelastic back scattering to diffraction beams not necessarily corres­
ponding to Bragg peaks. These measurements were made for 
normally incident electrons on (100) tung sten. Again, tne re suIts 
could be interpreted in term s of a two-step model. Back scattering of 
electrons that have excited interband transitions has been treated 
11 
theoretically by Bauer. 
14 
1 . .3 Recent Theoretical Advances 
U sing the formalism of quantum field theory, Duke and Lare­
12,
more* have calculated the differential scattering eros s -section for 
the two-step process. The results of this calculation will be discussed 
shortly. Let us first, however, briefly review some aspects of elastic 
scattering. We do this for two reasons. First, since we have already 
postulated that an elastic event is a necessary part of any inelastic 
back scattering theory, it is probably worthwhile to examine the elastic 
process before proceeding to the inelastic model. Second, we shall 
see that there is an important ingredient common to both which makes 
the results of the inelastic theory more easily understood if the elastic 
theory is understood first. 
Elastic scattering of electrons in the energy range > 15eV 
""' 
occurs through the interaction of the electrons with a periodic array of 
ions. In this array, there are layers of ions parallel to the target 
surface. If the scattered wave is formed by the coherent superposition 
of waves scattered from ions in a large number of layers, the condi-
Hons for constructive interference or diffraction are, 
.. .. -+ 
K -K +g=O (1. 6) p s 
and 
*Even though this paper was presented after the present work had been 
completed and while this manuscript was in process, it was considered 
by the author to be of such import that it should be included here. The 
reader is reminded, however, that the present work is not an attempt to 
te st this theory. 
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E == E (L 7)P s 
... 
where g 1S a reciprocallattice vector. Scattering for which these equa­
bons hold is called Bragg scattering. Scattering of X-rays by crystals 
is an important example of Bragg scattering. 
Although LEED peaks exhibit maxima in intensity when the Bragg 
conditions hold, the spatial distribution of the scattered electrons is not 
characteristic of coherent scattering from a three-dimensional lattice 
but from a two-dimensional lattice. The reason for this is the strong 
damping of the incident and scattered electron waves by their interac­
tion with conduction band electrons. Becau se of thi s damping, scatter­
ing from all ions but those in the surface layer is significantly reduced. 
The re suIting scattered wave, then, form s a two-dimenstOnal inter fer ­
ence pattern due to scattering from the surface layer with an intensity 
that is modulat ed by attenuated de structive and constructive interfer­
ence with waves scattered from the first few bulk layers. A result of 
13 
including damping in the theory of elastic scattering then is the re­
placement of equation 1. 6 with 
== 0 (1. 8) 
where the subscript II indicates the component parallel to the target 
surface. Equation 1. 8 describes the two-dimensional spatial pattern 
characteristic of LEED. Equation 1. 6, however, is a special case of 
1.8, and because of the constructive interference by scattering from 
16 
multiple layers that occurs when equation 1. 6 is satisfied, diffraction 
peaks for whicn it is satisfied snow maxima* in tne elastic intensity. 
Tnese maxima are called Bragg peaks. 
Now that we nave examined elastic scattering, let us again tUrn 
our attention to inelastic scattering. Let us begin by reviewing a few 
previous conclusions. First, the inelastic theory must be a multiple 
scattering theory. The simplest multiple scattering tneory is a two-
step theory, which is what we shall consider here. Second, any theory 
of inelastic scattering must predict the results of tne experiments that 
we described earlier. That is, maxima must occur in the inelastic 
intensity wnich correspond to maxima in the elastic intensity according 
to prescriptions described for the EI and IE collisions in the earlier 
discussion of tne experiments. In terms of the simplified* model of 
elastic scattering just described, a peak in the inelastic intensity 
should occur for an EI process whenever the primary momentum is 
such that Bragg scattering can occur before the inelastic collision. 
The conditions for this are given by 1.6 and 1.7 with ~ and E re ­
s s 
placed by the momentum and ene rgy of the intermediate electron state 
(i e. tne state between tne elastic and inelastic collisions). Eliminat= 
ing tne intermediate momentum and energy, these equations reduce to, 
.. 

~ . (~ + &) = 0 (1. 9)
P 2 
*Multiple elastic scattering has been ignored for simplicity. 
17 
-+We shall call an inelastic collision for which K satisfies (1. 9) an EI 
p 
Bragg collision. A maximum should also occur for an IE collision if 
the secondary momentum -+K satisfies the requirements for Bragg 
s 
scattering. The condition for this is 
-+ -+ 
g • (it - K) = 0 ( I. 10)
s 2 
Such an inelastic collision will be called an IE Bragg collision. Third, 
an inelastic scattering model should take into account the strong damp­
ing of incident and scattered waves due to competing inelastic processes. 
In the calculation by Duke and Laremore, account was taken of 
tbe strong damping. A direct result of this damping are the conserva­
tion laws, 
(1. 11) 
and 
- E (1.12,)
s 
where -+ p is the wave vector of the excitation. Tbere is no restric­
tion on the perpendicular components of momentum. This result is 
analogous to that of elastic scattering in that damping results in 
conservation of parallel momentum only. T be theory also predicts 
maxima in scattering cross-section corresponding to EI and IE Bragg 
collisions. That is, it predicts maxima wherever (1. 9) or (1. 10) is 
satisfied. Be side s the se maxima, however, it also predicts a maxi­
18 
mum whenever total crystal momentum is conserved. That is, for 
(1.13)t -K +~=~ p s 
Such maxima are called sideband diffraction peaks and their origin is 
analogous to the Bragg maxima in elastic scattering in that Bragg peaks 
are elastic intensity maxima which correspond to conservation of total 
crystal momentum. Further, if damping is ignored in the elastic pro­
cess, the only scattering that can occur is Bragg scattering (such as 
for X-ray scattering). Similarly, if damping is ignored in the inelastic 
process, the only scattering that can occur is scattering for which 
(1. 12) holds. A physical situation corresponding to the scattering of 
undamped 	waves is inelastic neutron diffraction from a lattice due to 
14 
phonon excitation. So far, sideband diffraction peaks for electron 
scattering have not been observed experimentally. 
By using equations (1.11) and (1.12), and the dispersion relation 
for a particular excitation, we can construct inelastic collision dia­
grams similar to Ewald diagrams. * Such diagrams are a useful means 
of describing the kind of angular structure predicted by this theory. 
Because the experimental results discussed in Chapter 4 are for the 
primary beam impinging on the target in a direction normal to the 
target surface, we will only discuss diagrams for which Kp is normal 
to the surface. For this case, (1.11) becomes, 
*Like Ewald diagram s, however, the inelastic collision diagrams that 
we will construct 	will only describe scattering which is confined to a 
plane. The scattering planes corresponding to the diagrams here will 
corre spond to low -order crystal planes. 
19 
(1. 14) 
We will further limit our discussion to dispersi on relations for which 
For a bulk excitation with this restric­
tion, the tips of all the -+ p vector s corre sponding to a single excitation 
energy sweep out a sphere in momentum space. For a surface excita­
. h-+tion, t e p vectors corresponding to a single excitation energy form 
a circle in momentum space parallel to the target surface. 
Figure 1.4 shows a collision diagram for a bulk excitation. 
The primary momentum K p ha s been speci fled. The parallel com­
ponent of secondary momentum, is given by equation (1. 14). 
All possible value s of are determined by adding to ~II all 
possible -p -+ vector s corresponding to an energy loss EL All 
such -p -+ vector s have their tips on a sphere centered at 
For a given E , we see that two value s of p corre spond to each 
L 
One corresponds to an excitation which has a component of 
momentum directed away from the surface. The other corresponds to 
an excitation with a component of momentum directed away from the 
surface. The other corresponds to an excitation with a component of 
momentum towards the surface. Once Ksil and the energy 106s have 
been determined, its is found by the intersection of a vertical line 
em anating from the tip of Ksil with the circle defined by Iits I 
All possible values of for this excitation lie in the shaded cone. 
It is immediately evident from this diagram that the spatial distribu­
20 
Diffraction peak corresponding to a beam energy E;=Ep 
Diffraction peak corresponding to a beam energy E; =Es 
-
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Figure 1.4. 	 Inelastic collision diagram for a two-step collision 
involving a bulk excitation. 
II 
tion of inelastically scattered electrons will be somewhat peaked in a 
direction nearly the same as for elastic scattering of the same energy* 
provided that EL«Es and 1~1«\itsl. Vectors corresponding to elastic 
scattering (LEED) for two normally incident beams with energies E' p 
equal to E and E - E are shown in the figure by dashed lines. 
p LP 
Figure 1. 5 shows a similar diagram for a surface excitation. 
Because all of the momentum of the excitation is parallel to the surface, 
.... 
the allowed value s of K no longer form a cone as they did for the 
s 
bulk excitation, but they are constrained to a conical surface. The 
spatial distribution of the electrons scattered by this mechanism, then 
(if measured in the plane corresponding to this diagram) will be a 
doublet structure corresponding to the two value s of K in the dia­
s 
gram. Of course, the question as to whether or not this kind of doublet 
structure would be observed experimentally cannot be determined by 
this diagram alone as it depends on the relative probabilities of the two 
excitations. In any event, the angles and energies for which electrons 
which have been inelastically scattered by a surface excitation will be 
observed are more severely restricted than for the case of bulk excita­
tions. 
Figure 1. 6 shows scattering by bulk excitation when the primary 
momentum satisfie s the Bragg condition, equation (1. 9). Equation 
*The same energy means either the primary or secondary energy as 
l?ng as EL<~Es and I~I « I Ksl. This is because the spatial direc­
tlOn of elastlcally scattered electrons for either energy is nearly the 
same. 
- -
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SR-771 
Figure 1.5. 	 Inelastic collision diagram for a two-step collision 
involving a surface excitation. 
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Figure 1.6. Inelastic collision diagram illustrating an EI-Bragg 
collision and sideband diffraction. 
(1.9) 	states that any momentum vector which connects a point in the 
plane 	which is the perpendicular bisector of ; (the Bragg plane) to 
. .....
the tall of g satisfies the Bragg condition. Because we have speci­
..... 
fied that Kp 	 be perpendicular to the target surface, the Bragg condi­
..... 
tions 	specify K uniquely. When the Bragg condition is satisfied, p 
the inelastically scattered intensity is enhanced for all energy losses, 
However, additional enhancement occur s for scattering that also 
satisfies total momentum conservation (equation l. 13). The secondary 
momentum vector s which satisfy this condition are also shown in 
Figure 1. 6 and are labeled sideband peaks. If the angular distribu­
ELE 
tion I0 p(e) were measured in the scattering plane of the diagram, 
the re suIt would be a broad angular peak on which is superposed a 
doublet corresponding to the two secondary momentum vectors shown 
in the diagram. It should be noted that Figure 1.6 illustrates two 
effects (satisfaction of equation 1. 9 and equation 1. 13) and that the 
splitting does not depend on the face that the primary momentum satis­
s the Bragg condition but only on the fact that total cry stal momen­
turn is conserved. A splitting can also occur for primary energies 
that do not satisfy the Bragg condition. 
Inelastic intensity is also enhanced when the secondary momen­
turn satisfies the Bragg condition (equation 1. 10). The diagrammatical 
interpretation of this equation (Figure 1.7) is that the tail of it 
s 
coincides with the tail of ;'/2 , and that the tip of K lie s on the 
s 
Bragg plane. Unlike the primary momentum, however, the direction 
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Figure 1.7. Inelastic collision diagram illustratr~g5an IE-Bragg 
collision and sideband diffraction. 
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of secondary momentum is not a specified parameter, and can assume 
a wide range of directions as indicated in Figure 1.4. This is a re suit 
of the fact that only the parallel component of momentum and energy 
are conserved during the collision. It is then possible that one of these 
directions will satisfy equation (1. 10) for some EL • and over a wide 
range of it Figure 1.7 shows the construction which can be used p 
to determine whether or not 1.10 is satisfied. Also shown in Figure 1.7 
are two additional angular peaks resulting from equation (1. 13). If the 
cros s -section for the IE Bragg scattering and sideband diffraction were 
about the same. the net re sult would be a triplet structure near the 
Bragg angle and energy. 
Two kinds of measurements were made in the present investiga­
tion: angular distributions and energy distributions. So far. by using 
collision diagrams, we have discussed the kinds of results that we 
would expect if we were to measure the angular distribution in a low-
order crystal plane. Let us now discuss the kinds of results we might 
expect in energy distributions. We pointed out earlier that peaks in 
energy distributions occur for E «E at about the same value s of 
L s 
for all E Structure like this is no dOUbt at least partly p 
caused by the excitation of bulk and surface plasmons. These excita­
tions result in peaks m the energy distribution because of the nature of 
their dispersion relations. The important features of these relations 
follow. First, the energy of the excitation is determ ined uniquely by 
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.... p . * Second, the energy loss depends only on l....pl Third, the 
.... .... 
excitation can only occur for Ipl~1 p1max And fourth, the energy 
los s is usua lly not a strong fUnction of I....pl The net re sult of the se 
four propertie s is that for any of the allowed value s of I~I the 
energy lost by the scattered electron will be nearly the same. The 
immediate consequence of this fact is a peak in the energy distribution 
which occurs at very nearly the same energy loss regardless of the 
primary energy. It is our purpose to show that the exact position of 
this peak is in part determined by the dynamics of the two-step process. 
One means by which the two-step process participates in the 
determination of the exact position of a plasmon peak in the energy dis­
tribution is by the enhancement of scattered intensity when total crystal 
momentum is conserved (i. e. when equation 1. 13 is satisfied). For 
every energy loss two values of ~ are specified by conservation of 
parallel cry stal momentum, conservation of energy, and the disper sion 
relation. Further, for each different energy loss, these values of 
are different. This is illustrated at both scattering angles in Figure 1. 8 
by collision diagrams corresponding to two different energy losses. If 
for some energy loss conservation of total crystal momentum is also 
satisfied, the scattered intensity will be enhanced. This enhancement 
will tend to make the exact position of the plasmon peak occur at the 
energy loss which corresponds to total crystal momentum conservation. 
In general, this energy loss will be different for different scattering 
*This would not necessarily be true for single particle interband excita­
tions. 
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SR-773 
Figure 1.8. 	 Inelastic collision diagram illustrating that sideband 
diffraction can cause the energy of a characteristic 
loss peak in an energy distribution to shift as a 
function of scattering angle. 
angles. For instance, at 9 in Figure 1.7, total crystal momentum 
1 
conservation occurs for the larger of the energy losses, while for 92 
it occurs for the smaller. Thus, the exact energy loss at which a 
plasmon peak occurs can shift if the direction at which the energy 
distribution is measured is changed. 
The foregoing discussion of shifts of peaks in energy distribu­
tion was made for a specific kind of dispersion relation and used con­
servation of total crystal momentum or sideband diffraction as the means 
for intensity enhancement. This discussion is meant only to give an 
example which would lead us to expect shifts to occur. A similar argu­
ment, for instance, could be made using secondary electron momentum 
which satisfie s the Bragg condition as the means for intens ity enhance­
ment. Since both this and conservation of total crystal momentum can 
give rise to peaks in intensity as a function of energy loss and in general 
they would occur at different energy losses, it becomes possible that 
one dispersion relation could give rise to two peaks in the energy dis­
tribution at some angles. This is illustrated in Figure 1.9. 
Finally, because the momentum ~ of a surface excitation is 
re stricted to the surface, surface excitations will only be observed, if 
they are observed at all, for specific energy losses at each scattering 
angle. In general these energy losses will be different at different 
scattering angles. 
Let us now summarize qualitatively what we might expect from 
the measurement of angular and energy distributions of scattered 
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Figure 1.9. 	 Inelastic collision diagram illustrating that two 
peaks can appear in an energy distribution which 
correspond to the same dispersion relation. 
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electrons. Structure in the inelastic angular distribution should consist 
of main peaks at about the same spatial directions as peaks in the elas­
tic angular distributions for primary energies corresponding to either 
the same primary or secondary energy of the inelastics. In some 
instances, these main peaks should exhibit som"e fine structure. This 
structure will most probably be doublet splitting. Structure in the 
energy distribution should exhibit peaks at nearly constant energy losses. 
These peaks may sometimes exhibit an energy loss dependence on 
scattering angle. It is also even possible that a single kind of excitation 
may produce two peaks. In both energy or angular distribution, surface 
excitations will only be observed for certain conditions. This can give 
rise to both angular fine structure, and peak shifts in energy distributions. 
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CHAPTER 2 
APPARATUS 
2. 1 Introduction 
Figure 2,. 1 shows a schematic of the experimental configuration. 
The main components include an electron gun, rotatable target, and 
rotatable detector. The electron gun provides the primary electron beam. 
Electrons making up this beam have a well-defined primary energy, E ' p 
and impinge on the target from a direction normal to its surface. The 
target rotates about an axis which is also normal to its surface. As sum­
ing the electron beam to be cylindrical and normally incident, rotating 
the target about its axis is equivalent to rotating the detector about the 
same axis. The angular position of the target then determines the axi­
muth, q> of the electrons scattered into the detector. The detectorI 
is also rotatable. Its axis of rotation is in the plane of the tar get sur­
face. This means that the angular position of the detector determine s 
the co-latitude, e ,of electrons scattered into it. 
15 
The detector is a retarding potential energy-analyzer. Thus, 
the relative intensity of the scattered electrons can be measured as a 
function of both scattered electron direction and energy (or energy loss), 
as well as primary energy. 
The electron gun, target, and detector are discussed in detail in 
the following sections. Following these, there is a discussion of the 
alignment of these components. Finally, the external circuitry, rotary 
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Figure 2.1. Experimental configuration. 
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motion feedthroughs, and vacuum system are discussed. In each sec­
tion, an effort has been made to point out the parameters that are im­
portant for the design of an apparatus to make this kind of measurement. 
For this experiment, it is lmportant to keep magnetic fields to a 
minimum. Therefore, all components in the vicinity of the scattering 
region were constructed from non-magnetic materials. The magnetic 
field of the earth was cancelled by a pair of square Helmholtz coils. 
In this manner, the fields were reduced to less than 30 milligauss. The 
main sources of the remaining fields are the main vacuum valve bellows 
and the chamber walls. 
2.2 	 Electron Gun 
2,.2.1 General Description 
The electron gun is a simple triode design with cylindrical de­
flection 	units. A schematic of the gun is shown in F ure 2.2. 
The fir st and second anode s form the main lens. The object to 
be focu by the main lens is the crossover formed by the lens action 
of the control grid and first anode. The control grid, unlike the other 
gun electrodes. is operated at a negative voltage wlth respect to the fila­
ment. The magnitude of this voltage is a few per cent of the fir st anode 
voltage. The first anode apertures act to columnate the beam. the exit 
aperture of the fir st anode is far enough from the second anode aperture 
that it does not contribute to the first and second anode lens action. 
An anode voltage ratio of about 4: 1. measured with re spect to the 
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Figure 2.2. Electron gun (deflection units not shown), 
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filament, was found to produce an image size of about. 040 inches at the 
target. The lens was operated almost exclusively m the decelerating 
mode, in order to provide the largest possible accelerating field at the 
filament. Beam currents from a few tenths of a microampere at beam 
energies near lOeV to several microamperes near lOOeV were produced 
in this manner. 
The gun-electrode voltages are provided 9Y a simple voltage 
divider circui t. T he beam energy is controlled by changing the divi.der 
voltage, allowing a constant focusing ratio to be maintained over a wide 
range of beam energies, All gun-electrodes are AC shunted to their 
respective power supplies by capacitors to reduce extraneous signals 
due to capacitive 60 cycle pick-up. 
The deflection unit which is not shown in the figure consists of 
two split-cylinder deflection stages mounted in a stainless steel* box, 
one stage each for vertical and horizontal deflection. The diameter of 
these cylinders and other tubulation on the exit side of this lens is large 
compared to aperture diameters in order to reduce scattering from the 
tubing walls. In order to prevent the deflection units from defocusing 
the beam, two conditions had to be satisfied. First, the deflection unit 
had to be far enough from the lens. This was accomplished by placing 
a short drift tube on the exit of the second anode. Second, the voltage 
on the axis of the split cylinders had to be equal to the second anode 
voltage. This is accomplished for each stage by applying voltages be­
tween the second anode and each deflection plate which are equal in 
*All stainless steel is 304. 
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magnitude but of opposite polarity. The deflection unit voltages were 
provided by potentiometer sand zene r -diode power supplie s. 
The filament is a . 0005-inch by . 050-inch tungsten ribbon. The 
power required to obtain beam currents large enough to perform the 
experiment is about 20 watts (4 volts, and 5 amperes). This corresponds 
roughly to a filament temperature of about 2600 o K. The voltage drop 
across the filament produces an energy spread in the beam of one eV. 
Measurements of the magnetic field outside the vacuum chamber, near 
the filament, indicate that the filament is located far enough from the 
scattering region that the magnetic field produced by the high current is 
not lar enough to significantly affect the electron trajectories. The 
filament is heated by a DC power supply. A voltage divider across the 
output allows the center of the filament to be electrically referenced. 
2.2.2 Construction Details 
Each gun electrode is contained in a stainle s s steel cylindr ical 
mounting block. The mounting blocks are fitted with molybdenum 
liners and . 005-inch thick aperture-plates. The liners were cut from 
O. 060 -inc h wall-thickne ss tubing and pr essed into the mounting blocks. 
(This method is not recommended. The completely unlubricated metal­
metal interface results in sufficient galling to cause severe seizing of 
even "perfectly" aligned pieces.) The apertures were cut with a spark 
erosion machine and then electropolished. Except for the control grid, 
the aperture plates are held captive by the liners and mounting plates. 
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The control grid aperture is held by a press-fit stainless Hcap ring. 11 
The mounting blocks are clamped to a pair of ground alumina 
cylindrical "rails." Since this arrangement is essentially self-aligning, 
the gun can be easily dismantled and reassembled. Stray electron 
currents are reduced by the telescoping nature of the electrode assembly. 
Each deflection stage consists of a pair of deflection plates which 
were made by drilling a . 2,50-inch diameter hole through a .250-inch 
thick molybdenum rectangle, and then sawing the rectangle through the 
center of the hole. The two resulting rectangular deflection plates then 
each contain a hemi-cylindrical hole through one edge. Flat bottom 
holes, perpendicular to the axis of the hemi-cylinder were drilled in 
the edges of each plate to fit small ceramic insulators. Making holes in 
the sides of the mounting box allow the insulators to locate each deflec­
tion plate. When the side s of the mounting box are sc rewed toget he r, 
the insulators hold the deflection plates captive, thus eliminating the 
necessity for threaded holes in the molybdenum. A. 250-inch diameter 
stainless steel drift tube brazed into a stainless steel plate is screwed to 
the end of the box. The entire unit is screwed to the side of the second­
anode mounting block. 
2.3 Target and Shield Assembly 
2. 3. 1 General Description 
The target assembly is shown schematically in Figure 2.3. The 
target is held in a spring -loaded clamp. Directly behind the target is a 
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Figure 2.3. Target and bombardment assembly. 
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filament for electron bombardment heating. Surrounding the filam ent is 
a shie ld and repeller which are electrically connected to one side of the 
filament. During bombardment, the target is at a high positive voltage 
(1. 5 to 2,KV) with respect to the grounded chamber. The filament and 
other electrodes in the chamber are held at or near ground. This makes 
bombardment of anything but the target, target clamp and mounting plate 
energetically impos sible. The filament shield insure s that the electrons 
are directed onto the target, thus avoiding bombardment heating of the 
mounting plate and target clamp. The filament shield also reduces the 
number of bombarding electrons reaching the side of the target used for 
scattering measurements. A 2,000 ohm "ballast!! resistor in the high 
voltage circuit (see Figure 2.14) eliminates high current su s caused 
by breakdown between the target and filament. 
Also attached to the target flange is the shield assembly. The 
shield assembly consists of three concentric cylinders and two end-
plates. The inner cylinder is made from stainless steel wire mesh. It 
is electrically connected to the solid stainless steel outer cylinder. The 
two stainless steel end plates are screwed to the ends of the outer cylinder. 
Between the mesh and outer cylinder is another solid stainless cylinder 
called the suppressor. It is electrically insulated from, but mechanically 
fastened to the outer cylinder by screws and telescoping ceramic spacers. 
The shield assem bly serve s two purpose s. Fir st, it shields the 
measurement region from electric fields produced, for instance, by the 
gun electrodes. Second, it !!traps!! electrons arriving at the shield, thus 
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reducing error caused by scattering from electrodes other than the 
target. The "trapping!' is accomplished by applying a positive voltage 
between the me sh and suppres sor. This voltage accele rate s the elec­
trons arriving at the me sh into the suppre ssor with enough energy to make 
an inelastic collision probable. Few of the secondary electrons produced 
by till s collision are ene rgetically able to escape. The geometry of the 
detector-snout reduces the numb er of electrons able to reach the col­
lector that have been scattered from the end plates. 
The target clamp passes through a hole in the shield assembly and 
locates the target at the center of the shield. A slot in the shield assembly 
allows the electron-gun drift-tube and detector snout to protrude inside 
the mesh. 
2..3.2. Details of Clamp Construction 
All parts of the target clamp and springs are made from tungsten 
in order to keep the target from being contaminated during heating. The 
tungsten rods holding the clamp are fastened to a molybdenum mounting 
plate by spring-loaded set screws. This allows target-position adjust­
ment and easy target removal. The mounting plate is brazed to a 
ceramic shaft, which is coupled to the output shaft of a rotary-motion 
feedthrough. The target is electrically connected to a copper disk 
fastened to the coupler which connects these shafts. The copper disk 
rotate s in contact with a molybdenum flat-spring brush. The brush is 
connected to a high-voltage electrical feedthrough. 
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The bombardment filament is held behind the target by two 
molybdenum rod s which pass through clearance hole s in the mounting 
plates and are clamped to the ceramic s baft. The molybdenum shield 
which surrounds the filament is fastened to, but electrically insulated 
from, the mounting plate by screws and telescoping ceramic spacers. 
The filament leads (the shield is electrically connected to one side of 
the filament) are braided copper wires which are arranged so that they 
do not short during the 345 0 target rotation. 
2.4 Detector 
2.4. 1 General Description 
A schematic of the detector is shown in Figure 2.4. It is a 
retarding -potential energy-analyzer 15 which has an oscillating voltage 
superimposed on the retarding voltage to differentiate the retarding 
potential curve. Electrons entering it are columnated by an apertured 
snout. The pur pose of the snout is to geometrically limit the detec­
tion of electrons scattered from electrodes other than the target. The 
aperture s are positioned to reduce the num ber of electrons able to 
reach the collector after scattering from the walls of the snout. In 
order to maintain a field-free scattering region, the potentials of the 
snout, target, shield assembly, and drift tube are the same. Elec­
trons leaving the field-free region of the snout enter a region of de­
celerating electric field (retarding field) by passing through the entrance 
grid. The voltage between the entrance and retarding grids is called the 
--
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Figure 2.4. Schematic of detector. 
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retarding potential, Yr' Only electrons having energy, E > eV ,
s - r 
can pass through the retarding grid. These electrons are then re­
accele rated onto the collector, We call the current arriving at the 
collector the forward signal. Some of this current is detected and 
some reflected. We call the reflected current the back signal. 
By providing a large enough voltage difference, Va' between the 
retarding grid and collector (Va;;:" 2,0 volts). most of the electrons 
"" 
scattered from the collector are energetically unable to escape, and so 
do not contr ibute to the back signal. In order to furthe r reduce the 
magnitude of the back signal, the collector te is platinum-black 
plated to reduce the production of secondary electrons. 
To the extent that the barrie r and platinum blacking allow the 
back nal to be neglected, the energy distribution of incoming elec­
trons and hence the differential scattering cros s -section is proportional 
to the derivative with re spect to V R of the detected current. To mea~ 
sure the cross-section directly then, it is necessary to provide some 
means of electronic differentiation of the collector output. One method 
2 
of accomplishing this, which has been discussed in the literature, is 
to superimpose on the retarding potential a small osc illating voltage, 
b. 	 V sin w t, called the ripple voltage. The ac component of the col-
Wlector cur rent with frequency would then be, to fir st orde r In211 
b. V, proportional t.o the cross-section of the incoming electrons with 
energy eV . 
r 
6The collector current passes through a 10 ohm wire-wound 
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resistor. The voltage produced across this resistor is the input sig­
nal to a PAR model CR4-A low-noise amplifier, the output of which is 
fed into a PAR model JB-5 lock-in amplifier. A block diagram of the 
electronics is shown in Figure 2.14. 
2. 4.2 Construction Details 
The snout is constructed from stainless steel (see Figure 2.5). 
To insure good alignment. the apertures were cut in the. 005-inch thick 
aperture plates by spark erosion after the snout had been copper brazed 
together. The grids are made from. 0005-inch tungsten wire spaced 
.005 inches apart and brazed onto. 007-inch thick tungsten plates (grid­
plates) which contain apertures. The process for constructing them is 
described in the appendix. The grid plates are spot-welded to stainless 
steel mounting plates using platinum as an intermediate metal. The 
mounting plates are mechanically fastened to, but electrically insulated 
from, a stainle ss steel right -angle bracket by means of stainle ss 
screws and telescoping ceramic spacers. The inner-most ceramic 
spacer is used to locate the plates with respect to the bracket and each 
other. The bracket is screwed to the collector arm. The location of 
the bracket is fixed by stainless steel tapered pins. To insure accurate 
positioning of the detector, joints between parts of the assembly which 
connects the collector arm to the insulating shaft wer e also pinned. 
The collector lead is shielded on the outside of the vacuum 
chamber to reduce capactive signals, and on the inside to reduce both 
• 
• • 
• 
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Figure 2.5. Detector assembly, 
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capactive signals and the detection of stray electron currents. Inside 
the vacuum chamber, the collector lead and its shield have both sta­
tionary and rotating sections. The stationary lead is a stainle s s -steel 
rod which is fastened to the collector feedthrough. The stationary lead 
is connected to the rotating lead, which is also a stainless rod, by a 
stranded tantalum wire. This connection is made inside a tele scoping 
stainless steel cylindrical box, which forms the joint for the rotating 
and stationary shields. 
The rotating collector-lead passes through the inside of the 
curved part of the shield which form s the collector arm. The lead is 
held in place and insulated from the arm by short sections of ceramic 
tubing. At the collector, the arm and the lead pass through a short 
rectangular tube into a cylindrical box. Both the tube and box are 
maintained at the retarding-grid voltage. The tube and arm provide a 
telescoping joint for the two sections of the shield which operate at 
different voltages. The cy lindrical box, which is screwed to the re­
tarding-grid mounting-plate, shields the stainless-steel collector­
plate. The collector-plate is fastened to the collector-lead. 
The leads to the two grids and rotating collector-shield are not 
shown in the figure. The grid leads are fastened to the mounting plates 
with a mounting screw. From there, they pass through ceramic tubes 
which are clamped to the outside of the collector arm, The leads are 
then fastened to standoffs on the coupler. The collector arm is also 
connected to a standoff on the coupler. From the standoffs, the three 
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leads are connected to the feedthrough pins with gold wire. 
The lead to the non-rotating collector shield could have been 
attached to the same feedthrough as the collector arm, but for conven­
ience was grounded inside the system instead. 
2.4.3 Design Criteria 
The detector design is the result of repeated modification. In 
no sense is it an Iloptimum de sign. II Even so, the value s of the design 
parameters (e. g. aperture sizes) were chosen to satisfy specific CrI­
teria. These criteria will be discussed in this section. The values of 
the parameters are listed in Table Z. 1. 
The detector is made up of two sections: a columnating snout and 
a retarding-potential analyzer (see Figure Z. 4), The snout is to the 
left of the entrance-grid aperture, the analyzer to the right. The en­
trance -grid aperture functions as a part of each section. 
The purpose of the snout is to reduce the signal due to electrons 
scattered fromelectrodes other than the target. This is accomplished 
by using two apertures to reduce the maximum angle, ex at which 
electrons entering the analyzer can be detected, This angle is mea­
sured between the electron trajectory and the axis of the cylindrical 
snout. To make it as small as possible, the two apertures with the 
largest separation were used. These are aperture A and the entrance 
grid aperture. Since the region in the snout is field-free, the elec­
tron trajectories are straight lines. Under this condition, the angle is 
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Table Z" 1 Dimensions of Detector 
De scription Symbol Value 
(inches) 
Radius of apertures A, B, and C RO 0.063 
Radius of entrance grid aperture Rl 0.094 
Radius of retarding grid aperture , o. 156R Z
Radius of collector plate R3 0.250 
Distance from aperture defining solid R 1. 750 
angle to target c 
Spacing between grids and collector plate d O. 1Z,5 
Spacing between columnating aperture s D 0.250 
given by, 
tanQ; (Z. 1) 
Since the purpose of the snout is to reduce the detection of the 
stray electrons, it must be assured that electrons scattered from the 
snout itself do not constitute an important source of stray current. In 
order to reduce this effect, apertures in the snout have been placed in 
such a way that almost all electrons that scatter once from the snout 
must scatter at least once more before passing through the entrance­
gr id aperture into the analyzer. By incr easing the number of colli­
sions that an electron must make with the snout before it reache s the 
analyzer, the probabilities are also increased that the electron is either 
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absorbed or make s an inelastic collision that re suIts in a secondary 
electr on which is energetically unable to reach the collector. 
Electrons can scatter from the snout by colliding with the edge s 
of the apertures, the aperture plates, and the cylindrical walls. In 
order to reduce scattering from the edges, the apertures were cut in 
very thin (0. 005-inch) plates. Assuming straight line trajectories, 
electrons entering the snout can reach only one side of any aperture 
plate without having made a previous collision. Electrons scattered 
from this face cannot pass through the entrance grid and into the 
analyzer, without making at least one additional collisiono Therefore, 
electrons scattered from aperture faces must make at least two colli­
SlOns before being detected, 
Apertures A, Band C make up a system of three equally spaced 
aperture s of equal radius inside a cylindrical tube, The diameter of 
the tube is 3 time s the aperture diameter and the spacing between aper­
tures is less than the diameter of the tube. It is easy to see that with 
this geometry it is not possible for particles traveling in straight lines 
to pass through all three apertures and make exactly one collision with 
the cylinder wall s. Further. the diameter and length of the tube be­
tween C and the entrance grid have been chosen so that apertures A 
and C prevent electrons whic h have not scattered from the snout but 
pass through aperture C from striking the walls of this tube without 
first scattering from the face of the entrance grid. In any case then, 
except for single scattering from the edge of an aperture, the only 
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electrons reaching the analyzer either have not been scattered at all or 
have suffered at least two collisions with the snout, Since the total area 
of the aperture edges is very small compared to the area of the snout 
wall, the addition of the apertures reduces the number of singly scat­
te red electrons reaching the collector 0 
The angular re solution of the detector is determined by the aper­
ture which subtends the smallest solid angle at the point where the axis 
of the snout intersects the target. For this instrument, that aperture is 
C and for R «R, the solid angle, /::£). ,is given approximately by,
o 
The corre sponding angular resolution, t::. y ,1S, 
2R 
o 
t::. y = (2. 3)R 
also for R « R. This is the angular resolution for a point source 
o 
of electrons. The total angular re solution of the instrument must also 
take into account the finite diameter of the electron beam at the target, 
The value s of Rand Ro are determined by several factor s. 
The most obvious are, the desired total angular resolution, the size of 
the experimental chamber, the sensitivity of the detection equipment, 
and the interference of the snout with the electron gun at small co .. 
latitudinal angle so Because aperture s A, Band C are all the same 
size, R also participate s in the dete rmination of a: Two othero 
important considerations are the desired energy resolution and shadow­
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ing of the impinging electrons by aperture s other than C. We will dis­
cuss the relationship between angular and energy resolu.tion later. Let 
us now discuss the problem of shadowing. Equation (2.2) assumes that 
the point source of electrons lies on the axis of the snout. Because 
Ro «R, this expression also holds for a point source off the axis if 
the source is located inside a cylindrical surface of radius Reentered 
o 
around the axis. E lectr ons originating outside thi s surface enter the 
detector from a smaller solid angle because of the shadow produced by 
aperture B. Since this effect can seriously distort the spacial shape of 
the scattered beam, it is important that the primary beam strike the 
target within the cylindrical surface. Therefore, in order to reduce 
shadowing, R should be large compared to both the radius of the 
o 
electron beam and the error in placing the beam at the intersection of 
the axis of the snout and the target. For thi s instrument, R is. 063 
o 
inch. The value of R is L 750 inches, the largest value which could be 
fit into the chamber. Thi s give s an angular re solution from equation 2.3 
-4
of 4.1°, The solid le given by 2.2. is 3.2 x 10 steradians. 
The aperture separation D had to be less than or equal to 6R 
o 
to reduce scattered current from the snout walls. In order to allow 
the co-latitudinal angle to be swept over all but 15° due to interference 
between the detector and electron gun, D was chosen to be .2.50 inches. 
For equations (2.2) and (2..3) to define the angular resolution of 
the detector, R 1 must be large enough so that it subtends a la r solid 
angle than aperture C, and so that it does not produce shadowing of 
53 
electrons originating inside a circle on the target of radius Ro around 
the intersection with the axis of the snout. Also, Rl must be small 
enough that the maximum angle, a , at which electrons entering the 
analyzer can be detected is given by equation (2. I). An entrance-
grid aperture-radius, R I , of. 094 inches satisfies these conditions. 
The resulting value of tan a • given by 2,. I is .156. With this value 
only electrons scattered from a one -inch diameter circle on the wall 
of the cylindrical shield are able to get to the analyzer without scatter­
ing from the snout. Electrons from this circle correspond to scattering 
from approximately 4 per cent of the cylindrical wall area. Scattering 
from the end -plates has been completely eliminated. 
Let us now consider electr ons that have left the region of the 
snout and have entered the analyzer. These electrons are no longer 
in a field.free region and therefore no longer travel in straight lines. 
T;) begin this discussion, let us assume that the grids can be approxi­
mated by transparent conducting -plane s at the potential of the gr id wire s. 
Using this assumption, the electric fields between the grids and between 
the retarding grid and collector will be uniform. The electron trajec­
tories then will be parabolic. 
We would like the aperture sizes and spacing s in the analyzer 
to be such that any electron able to reach the retarding grid without 
fir st scattering from the snout will reach the collector provided that it 
has enough energy to pass through the retarding grid. All such elec­
trons enter the analyzer with angles less than or equal to a • where 
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a is given by 2.. 1. The se electrons will pass through the retarding 
grid aperture if 
(2. 4) 
where d is the spacing between the grids. In order that all the e lec­
trons that pass through the retarding grid strike the collector. 
rv 
R 3 ~ R 1 + 2ad 1 + ~ V: (2. 5) 
where V is the retarding voltage between the grids, VA the accel-R 
erating voltage between the retarding grid and collector plate, and d 
is the spacing between the two grids and between the retarding grid and 
collector. 
The spacing between the grid s and collector had to be made 
small compared to the diameter of the collector plate and size of the 
grid plate in order to insure uniform fields between these electrodes. 
A spacing, d, of .12.5 inches, was used. With this spacing R2 = .156 
inches satisfies conditions 2..4 and R3 = .2,50 inches satisfies condition 
2.. 5 provided that 
V ~< 9V - • (2. . 6) 
A 
The system is always operated such that condition 2. 6 is satisfied. 
The considerations of aperture size and spacing were made 
necessary by the fact that electrons do not necessarily enter the 
detector parallel to its axis. Since a retarding potential analyzer mea­
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sures the parallel component of momentum, this fact gives rise to a 
finite uncertainty in energy, t:,E, given by 
. 2At.E = E s~n )--" (2,. 7) 
s 
where (3 is the angle between the trajectory of the impinging electron 
and the axis of the snout (L e. (3 max = ex ). For (3 = ex given by 
A!_2. 1, we get for an upper limit* that, .025. The shadowingE 
s 
action of the snout apertures, and the trapping action of the shield will 
reduce the num ber of electrons ente ring the analyzer from anywhere 
but the spot on the tar get where the electron beam strikes, The refore, 
the value of ex for (3 is too large. A better estimate comes from 
calculating (3 for a reasonable spot size. For a spot diameter of 1/8 
t.E
-,...,inch, (3 -::. 8", re pre sents the total angular re solution, and E 
s 
.005 is the energy resolution due to the finite angular resolution. 
Up to this point, we have discussed the analyzer approximately 
by treating the grid s as transparent conducting planes. We shall now 
discuss the extent to which this approximation is valid. In order to do 
this, let us turn our attention to the grid-plate electrode system shown 
in Figure 2,,6. Table 2.2 presents the values of the dimensions for the 
analyzer used for the se measurements. 
This system is a special case the more general tr iode sys­
tern. Such triode systems are treated approximately in many elec­
17 
trical engineering texts. The special case used here will suffice to 
*This is an upper limit for electrons that do not scatter from the snout. 
Scattered electrons can enter the analyzer at angles larger than ex 
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Figure 2.6. Schematic for detector grid calculation. 
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Table 2.2 Dimensions of Analyzer Grids and Corresponding 
Dimensionless Parameters 
Description Dimension Symbol for Value for 
(inches) Dimensionle ss Dimensionless 
Parameters Parameters 
Wire spacing 0.005 2 'Ii 6.28 
Grid spacing O. 125 L 157 
Retarding grid to O. 125 L 157 
collector spac ing 
Wire radius 0.00025 .314p 
illustrate most of the physical properties that are important for using 
a gr id -plate electrode system as a retarding field analyzer. It is also 
a good model for the analyzer used in the present experiment. For 
computational convenience, the dimension of length in this figure is 
expressed in units of wiring spacing divided by 2'1i 
The potential for this system can be found approximately using 
methods like those described in Spangenberg, and can be written as, 
-vR 1 _ In 2(cosh ~ - COS])V(S,11) = (2. 8)l+F L 
~2 + ( 1'1 ""p2 h = 1•for -L < S < Land +2.n J.)2 ..... were J. 0 ,.:t. 
+ ... .:t. N, and N is the total number of grid wires. The variables 
and 1'1 are defined in Figure 2.. 7. The parameter F = 2 In 11.0 
L 
With a little manipulation, (2.8) can also be written as 
(2.9) 
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where 
-vRU(~) = (2,10)l+F 
For 1~ I» 1 , the logarithmic term approaches zero, and 
V(~,11) ::'. U(~). (2.11) 
This approximation is valid in the region \~ 1 » 1 The existence 
of this region is guaranteed by making L » 1 The boundary condi­
tions at the entrance grid and collector plate are then satisfied by the 
expre s sion 
U(±L) = O. (2,12) 
The boundary condition at the grid wires is satisfied approximately by 
expanding the logarithm for small I~I and 11'l+2TTj\. In order to make 
this approximation, we use the fact that p« 1. Terms the order of 
P /L and smaller are ignored. 
The expression (2. 10) is the potential which justifies the ap­
proximation of the grid as transparent plane conductors. The potential 
of the plane -conducting tran sparent electrode which approximate s the 
grid is given by, 
-v 
U(O) R (2.13)l+F • 
From equation (2.9), one sees that errors in the approximation 
of a grid as a transparent plane-conducting electrode arise from the 
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existence of fields near the grid which are parallel to the grid plane. 
The se fie Ids dr op off rapidly as becomes large. From equation (2. 13), 
one sees that errors also arise from the fact the potential of the plane-
conducting electrode is not the grid potential. In order to reduce thi s 
kind of error, we must make 
(2.14)F « 1 
It can be shown that, consistent with the approximations used to 
fit the boundary conditions (L e. term s p /L or smaller are ignored) 
that 
111 (2.15)V(O) -::::. TT V(O,II)dll 
° 
where V(O, 11 is given by (2.8) for p < 11 ~ 11 
and V(O, 11 V R for 11 ~ p 
That is, the potential of the transparent plane conducting electrode is 
the average potential of the grid plane. * By making F« 1 , the 
average potential of the grid plane becomes very nearly equal to the 
*The inconsistency in the approximation used to represent each grid in 
this model is evident from (2.13) and (2.15). Even in the region far 
enough from the entrance grid that the equipotentials are planes, the 
value of the equipotential is determined by an average potential of the 
entrance grid plane of zero. This corresponds to a grid-wire potential 
of something other than zero. Although taking this inconsistency into 
account would no doubt alter the form of the expressions that follow, 
the calculations become much more cumbersome. It also seems very 
unlikely that any important new considerations would be introduced by 
small changes in the average potential of the entrance grid plane. 
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grid wire potential which means the potential gradiant along the grid 
plane is reduced. 
Let us now consider the retardation of a beam of energy eVB 
entering the analyzer perpendicular to the plane of the grid. We shall 
ignore the parallel fields and assume the trajectory to be undeflected. 
Electrons near the grid wires will begin to be repelled when V R = VB' 
Electrons are still energetically able to pass through the grid in a region 
between the wires. All electrons will be repelled for, V(O,TI) = -VB 
The grid voltage satisfying this condition is called the cutoff voltage, 
v CO' and for F« I is given by 
2In 2/pV V I + (2.16)CO ~ B L 
We define the resolution of the grid as 
R = (2.17) 
From (2. 16) and (2.17) 
R = 2In 2/0 (2.18)
L 
_2
For this instrument, R=2.4x10 The total resolution* of the 
instrument is the sum of three terms. 
~2 + 2In 2/06E = ~ L - J E + e6V, (2.19) 
2In 2/pis the angular resolution, is the re solution ofL 
*This does not include the energy spread of the primary beam which is 
about leV. 
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the grid, and 6V is the peak to peak ripple voltage. For this instru­
ment 
6E -::. L2.9 X 10-2 + ,SJev (2.2,0) 
Figure 1. 2 shows the energy distribution of a 110 eV beam. The 
energy resolution can be determined by measuring energy spread of the 
elastic beam. The width at half maxima is "'" 2 e V. T he fact that this 
is somewhat smaller than the calculated width of about 4 eV is primarily 
due to two reasons. First, the calculated resolution of the grid was the 
total spread in ener gy and not the width at half maxima. And second, 
the energy spread is not necessarily the algebraic sum of the three parts. 
2.4.4 Systematic Error 
If the beam energy is determined by measuring the cutoff voltage, 
one must attribute a gain, G, to the analyzer. That is 
where, from equations (2.16) and (2.18) 
G = (l-R) (2.22) 
Error due to the gain can be eliminated by determining the primary 
energy of the beam from the potential difference between the cathode 
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and target. * By measuring several beam energies this way, the analyzer 
can be calibrated. For the measurement discussed here, the analyzer 
was not calibrated and the gain treated as a source of error. Since the 
important energy measurements are energy losses and are of the order 
of 20eV, the er ror due to analyzer gain is only about O. 5eV. 
Errors in wire spacing have two important consequences. First, 
they cause a deterioration in the resolution. Second, the existence of 
more than one value for the cutoff voltage due to the different wire 
spacings can produce more than one peak in the measured energy dis­
tribution of a monoenergetic electron beam. Thus, erroneous peaks 
could be produced in energy distributions of scattered electrons. If 
tolerances in wire spacing are small, the changes in cutoff voltage can 
be found approximately by differentiating equation (2,. 16). This gives 
(2,. Z3) 
where 1, is the wire spacing and 6: is the fractional error. 
Equation (2.2.3) tells us that errors in cutoff voltage due to 
small errors in wire spacing will be too small to resolve. If, how­
ever, as would be the case for a broken wire, the change in 
cutoff voltage would become 
(2.2,4) 
*By retarding the beam at the target, the contact potential difference 
can be measured. Then the energy of the primary beam can be mea­
sure s accurately. 
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In this case, it is likely that an erroneous structure could occur in the 
measured energy distributions. 
The energy distribution of a lOOeV beam taken with badly 
damaged analyzer grid s is shown in Figure 2,. 7. This mea surement 
was made by directing the primary electron beam into the detector. 
The real width of the beam is about leV. 
In order to illustrate another important source of distortion of 
energy distributions, let us consider the dc forward signal to the col­
lector from a monoenergetic beam as a function of retarding voltage. 
Ideally. one would expect the current to be constant a s the retarding 
voltage is increased until it become s near ly equal to the beam voltage. 
As the retarding voltage is further increased, the current should then 
begin to drop and reach zero at the cutoff voltage. 
The current, in fact, does remain nearly constant until just 
before the grid voltage become s equal to the beam voltage. As the 
retarding voltage is further increased, however, the current to the 
collector increases before it begins to decrease. The energy distribu­
tion, or derivative of the current vs. retarding voltage curve, shows 
this effect as a negative energy distribution. The energy distribution 
for a lOOeV beam produced by directing the beam from the electron 
gun into the analyzer is shown in Figure 2.8. This curve illustrates 
the effect just described. 
The anamolous increase in current can be understood in term s 
of an increase in the effective transparency of the retarding grid. 
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Figure 2.7. Energy distribution of lOOeV electron beam 
measured with damaged analyzer grids. 
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Figure 2.8, 	 Energy distribution of lOOeV electron beam ullus­
trating negative intensity due to increase in effective 
grid transparency. 
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Effective transparency is defined as the ratio of current transmitted 
by the grid to current arriving at the grid, The reason for the increase 
is that the potential of a grid wire is more negative than the potential 
between the wires. Therefore, the electric field near the grid has a 
component parallel to the plane of the grid which tends to force electrons 
away from the wires, This component only exists near the grid and for 
it to alter significantly the trajectory of an electron, the electron must 
move !!slowly!! through the region near the grid plane. Thus, as the 
electrons are retarded (slowed down) to near cutoff, some of those 
which had previously been intercepted by grid wires are now deflected 
away from the wires and are able to reach t.he collector. This results 
in a larger fraction of the current arriving at the grid passing through 
the grid and hence the increase in the effective transparency. 
Figure 2.9 illustrates thi s effect. It shows that while the cur­
rent to the collector increases, the sum of the currents to the retarding 
grid and collector remain constant. Thus, as the current to the col­
lector increases, the current to the grid decreases by precisely the 
same amount. Figure 2.10 shows a computer calculation of the effec­
tive grid transparency. This calculation neglects all secondary scat­
tering effects (a feat that cannot be accomplished experimentally). 
The incoming beam was made up of lOOeV electrons only. The geo­
metrical transparency (ratio of open area to total area) of the grid used 
for this calculation was 0.72. Making the collector voltage proportional 
to the retarding voltage was done for computational convenience. The 
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Figure 2.9. 	 Retarding potential plot illustrating the increase in 
effective grid transparency of the retarding grid for 
a lOeV electron beam and an accelerating potential 
(retarding grid voltage minus collector voltage) of 
1.5 vo 1ts. 
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Figure 2.10. Numerical calculation of effective grid transparency 
for a lOOeV electron beam. 
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resulting increase in effective grid transparency just before cutoff 
shows that this effect is not associated in any way with secondary 
emission effects. 
The calculated and measured re suIts used to illustrate the effec­
tive transparency effect were made using smaller accelerating voltages 
than those produced by setting the collector potential equal to the en­
trance grid potential which was done to devise expressions for the 
electronic properties of the grids. This is because as the accelerating 
voltage becomes large, the energy range, 
bon occur s also becomes larger. Since the total current increase to the 
collector due to deflection is limited by the geometrical transparency 
of the grid (i. e. for a 90 per cent transparent grid the total increase in 
collector current cannot exceed 10 per cent), the negative part of tbe 
energy distribution will become smaller in magnitude but exist over a 
larger retarding voltage range, for larger accelerating voltage s. This 
effect is illustrated by comparing Figures 2..9 and 2,.11. The slight 
increases in the collector and grid currents, in this figure. are thought 
to be due to the decrease in secondary emission from tbe grid as the 
bombarding electron energy is decreased. A similar effect is found 
by using the collector alone for retarding (i. e. using a negative accel­
eratlng voltage). More general calculations than the ones presented 
bere sbow tbat for smaller accelerating voltages, tbe resolution is im­
proved also, and the gain becomes closer to unity. 
In order that the detector output be proportional to the intensity 
---
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Figure 2.11. 	 Retarding potential plot illustrating the increase in 
effective grid transparency of the retarding grid for 
a 10eV electron beam and an accelerating potential 
(retarding grid voltage minus collector voltage of 
45 vo Its) . 
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distribution, it was necessary to superimpose a small ripple voltage 
A V sin wt , on the retarding voltage. This has already been dis­
cussed in section Z. 4.1 of this chapter. In order to eliminate capaci­
tively induced signals resulting from the oscillating retarding grid, it 
would be necessary to reference the collector and hence the collector 
guard and detector electronics to the ripple voltage generator. Since 
the detection electronics for this experiment are single-ended, this 
is impractical. Therefore, the ripple voltage is provided by referenc­
ing ALL the system electrodes EXCEPT the retarding grid, collector, 
collector guard, and vacuum chamber to the ripple voltage generator. 
This is illustrated in the block diagram of the system electronics 
shown in Figure Z. 14. 
Providing the ripple voltage thi s way can produce oscillating 
electric fields in the scattering region. These fields can cause an 
oscillatory deflection of the electron trajectories. Since both the inci­
dent beam and scattered electrons must pass through apertures, an 
intensity modulation can result. This can produce an extraneous 
collector output. Whether or not this erroneous signal is important 
depends on the magnitude of the oscillating fields, so considerable 
care was taken to reduce them. Errors of this kind will be discussed 
again in Chapter 4. * 
*It is felt that the addition of a third grid specifically to shield the col­
lector from capacative pick-up would be desirable. This would allow 
the ripple voltage to be applied directly to the retarding grid. Since 
this grid could be easily shielded, errors of the type described above 
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2.5 Mechanical Alignment 
Of crucial importance to the design and successful operation of 
an apparatus for the measurement of the spatial distribution of scattered 
particles is the relative alignment of the components. In order to insure 
the detection of scattered particles as well as to reduce shadowing 
effects caused by the ctor apertures, it is essential that the primary 
beam, and a line through the axis of the detector apertures intersect at 
the tar get surface. To sab sfy thi s condition, the following pr ocedure 
was necessary. First, a mandrel was slipped through the three snout 
apertures, A collar on this mandrel was adjusted until the mandrel 
point stayed fixed in space as the collector was rotated. This spacial 
point was determined by putting another pointed shaft next to the point 
of the rotating mandreL 
For the second step an adjustable mandrel was slipped through 
the apertures of the electron gun. With this mandrel and the detector 
mandrel, the gun was positioned so that the axis of the detector aper­
ture s and the axis of the gun aperture sinter sected. Considerable care 
was taken to insure that play in the mandrels did not cause undue error. 
The detector position for which the axis of the detector aper­
tures was perpendicular to the axis of the electron-gun-apertures was 
determined by placing a draftman's square between the electron gun 
mandrel and collector mandrel and reading the angular position of the 
could be eliminated, Since this has not been done, however, it should 
be remarked that problem s re suiting from such a modification are not 
completely known. 
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detector on a dial attached to the rotary-motion feedthrough drive, 
With the same dial, stops on the rotary drive of the collector were set 
to correspond to angles of 15" and 100 0 between the two mandrels, 
For the final step, the electron gun was replaced by a fixture on 
the gun port. The fixture held a mandrel similar to the one in the elec­
tron gun but which could be easily withdrawn and replaced in a repro­
duceable manner. This mandrel was positioned so that its point touched 
the point on the collector mandrel. Both mandrels were then removed, 
and the target was inserted. The gun port mandrel was then positioned 
such that an ohmmeter showed contact with the target. The target 
position was then adjusted until the target surface touched the gun port 
mandrel at the position of the inter section of the gun port mandre I with 
the detector mandrel. 
The error in alignment was estimated to be + ,020 inches. Other 
angular alignments had been made previously on each individual flange 
using transit, a lathe, mandrels and machinists! square s, Angular 
alignments were estimated to be .±. 20. 
Errors in alignment show up in three different ways: 
(1) Errors in collector angle position 
(2) Errors in target angle position 
(3) Errors in intensity. 
There are at least 16 different sources of alignment error, To 
facilitate the discussion of these errors let us measure them relative 
to a coordinate system attached to the target rotation axis with its origin 
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fixed at the intersection of this axis and the target surface. They are 
the following: 
(1) 	Three translational error s due to the electron beam not 
striking the origin. 
(2) 	Two angular errors due to the electron beam not being paral­
lel to the target rotation axis. 
(3) 	Two angular error s due to the target not being perpendicular 
to its axis of rotation. 
(4) 	Three translational error s due to the collector rotation axis 
not inte r secting the origin. 
(5) 	One angular error due to collector rotation axis not being 
perpendicular to the rotation axis of the target. 
(6) 	One angular error due to the collector not inter secting its 
axis of rotation. 
(7) 	One angular error due to the collector not intersecting its 
axis of rotation at a right angle. 
(8) 	One er ror due to uncertainty m the zero position of the 
tar get. 
(9) 	One angular error due to the uncertainty in the zero position 
of the collector. 
(10) One angular error due to the uncertainty of the position of 
the crystal axes of the target. 
In addition to the geometric errors, several related problem s 
must also be considered. They are the following: 
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(11) 	Error s due to deviations from the cylindrical symmetry of 
the electron beam. 
(12) 	Errors due to curvature in the target surface. 
(13) 	Error s due to sampling different areas of the target as the 
target rotates. 
(14) 	Errors due to the deflection of trajectories by electromag­
netic fields. 
It is possible to determine first order expressions involving the 
16 parameters. For each diffraction peak, these expressions will give 
a relation between the collector angle e . target angle QI ,and the 16 
parameters. Although some effort was expended in doing such calcula~ 
tions, they will not be discussed here. They are long and cumbersome, 
and the general case (all 16 parameters) in its present form is not very 
usefuL In order to illustrate how misalignments can affect the positions 
of diffraction spots, we shall consider two separate simple cases. 
Assume first that the target is tilted out of the plane perpendicular 
to its axis of target rotation by an angle ~ (see Figure 2.12,). Also 
assume the impinging electron beam makes an angle (J' with respect to 
the target rotation axis. Assume further that ~ and (J' are coplanar 
and both small compared to one. Then to first order 
sin 	e - ~ cos a ~ a + ~ + sin en (2.25) 
where sin an = n:; . 1\ is the DeBroglie wavelength, a is the lattice 
parameter of the tar t surface and n is an integer. 
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Figure 2.12. 	 Diagram of errors in alignment of electron beam 
and target surface. 
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Let 
(2,. 26)a == aD + b.Q 
where 
b.9 « 1.. (2.27) 
Then 
(2.2.8) 

Equation (2,,28) shows that b.G can become arbitrarily large as 
TT 
approaches 2 For a and f3 ~ 2 0, and aD = 
As e becomes larger, the error increases rapidly, This is a 
o 
sizable error and caused difficulty in the interpretation of some results . 
. 
It is therefore probably useful to see what tole rance s in alignment would 
be necessary to insure an accurate diffraction pattern. In order to 
provide a 1 ° error* at aD = 89°, CJ + f3 ::. ,02, Thi s would insure 
that an angular error in the position of the diffraction spot of less than 
1 ° for angles less than 89°. 
To consider errors in the target angle, we will consider the plane 
of the collector sweep to miss the inter section of the beam with the 
target by an amount y in a direction along the rotation axis of the 
o 
detector (see Figure 2.13). 
If we define to corre spond to the detection of the (02)'P20 
diffraction peak, the angular position of the (01) peak is given by 
*An angular error of 1 ° was chosen arbitrarily except for being 
smaller than the angular re solution of the detector. 
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Figure 2,13. 	 Diagram of error in position of the collector 
sweep-plane and the corresponding change in 
the target angle necessary to detect diffraction 
beams. 
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where R is the distance from the tar t to the collector. 
c 
to be 1 0 for e 15 0 or as close to the targetIf we want CPiO 
normal as possible, y -::::.01 inches, where R = (1.750 inches). 
1£ the interference angle (i. e, the minimum collector angle) is 
reduced, the tolerances, of course, get tighter. 
For Rc:= 1. 750 inches, Yo .020 inches and e 
which corresponds to the tolerances estimated for the present measure­
2, o. This corresponds very nearly to measured values.ment, 'PiO '"" 
2,.6 Exte rnal Circuitry 
Figure 2,.14 shows a schematic of the system circuitry. The 
circuits which operate the electron gun and detection electronics have 
been discussed briefly in the sections describing the electron gun and 
detector. Because the detection electr onic s is single ~ended, the col­
lector is always at ground. All electron-gun electrodes are referenced 
by referencing the drift tube. The drift tube and all other electrodes 
(i. e. entrance grid, retarding grid, target and bombardment assembly) 
are connected to binding posts on a terminal paneL (The use of this 
panel allows considerable flexibility in circuitry.) Also arriving at 
the terminal panel are three reference voltages. 
The circuit which provides the references voltages to the ter­
minal panel can be operated in either of two modes, In either mode, 
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Figure 2.14. Schematic of system electronics. 
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the switches 53 and 54 are placed in position 1. The fir st mode is 
. obtained by putting switches 5 land 52. in position 1. The retarding 
grid is connected to binding post BPl, and the other electrode in the 
system are references to BP2" In this mode, the retarding voltage is 
produced by driving all electrodes positive with respect to the retarding 
grid" T his way, a constant accelerating voltage Vo is maintained 
between the retarding grid and collector as a function of V R' The 
second mode is obtained by putting switches 51 and 52 into position 2. 
and connecting the grid to BP3 in the terminal panel. All other elec­
trodes are connected the same way as they were in the first mode. The 
accelerating voltage is now given by ~ + VR , and retardation occurs 
by driving the retarding grid negative with respect to the entrance grid. 
The retarding voltage is provided by the potentiometer P 3 and 
may be swept from zero to V 3" In order to keep P 3 from overheating 
4 
a large resistance (R3 10 ohms) was required. In order to keep 60 
cycle signal s fr om being capacitively induced on the collector because 
of this large resistance, a 10 1J.f capacitor, C ' was connected between 
3 
the retarding gr id and the power supply driving P 3' 
The retarding voltage is measured from the output of P 2 which 
is mechanically gauged to P " With the switch 5 in position I, the3 5 

X-axis input of the recorder is the output of P which is proportional*
z 
*For the output of P 2 to be proportional to the output of P 3' P must 
be turned slowly enough that the currents charging the capacitor ~cross 
P are small compared to V3 
R3 
3 
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to the energy of the detected electrons. By using this voltage to drive 
the recorder instead of the output of P 3 , it is not necessary to readjust 
the re corder gain and zero to change the sweep voltage, V 3' 
To measure energy distributions, the retarding voltage 1S swept 
continuously by a 300 RPM motor connected to a ten-speed gear box. 
The motor drives P and P through a spur gear which is attached to2 3 
the potentiometer shaft with a slip clutch. The time required to sweep 
the entire energy range, V 3' is limited by the RC tim e constant of P 3' >:< 
The time required for a typical energy sweep is about 80 seconds. 
With the switch S5 in position 2" the X -axis recorder voltage 1S 
proportional to the output of potentiometer P l' which is coupled with 
spur gear s to the rotary motion feedthrough that turns the collector. 
Thus with S5 in position 2, the X-axis input is proportional to the 
collector angle. Since the collector and energy are never swept simul­
taneously, the same motor is used for each. To sweep the collector 
angle, the motor is disconnected from the potentiometer shaft of P and 
2, 
P 3 and attached with a flexible shaft to the rotary motion feedthrough 
that drives the collector. The sweep speed of the collector is limited 
by the integration time of the lock-in amplifier. A time of 85 seconds 
is required for a typical collector sweep. 
The target angle could also be measured from the output of a 
potentiometer, but for the measurement s reported here, the target 
angle remained fixed. The manner in which the target angle is deter­
*See p. 81 footnote. 
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mined will be discussed later. 
To heat the target by electron bombardment, the switche s 53 
and 5 are placed in the position 2.. This grounds the bombardment 
4 
filament and assembly, and puts the target at a high positive voltage 
(1.5 to 2. KV). The bombardment filament is heated with a Variac and 
filament transformer. 
2,.7 Rotary Motion Feedthroughs 
Figure 2.. 15 show s a schematic of the rotary motion feedthroughs 
used to drive the collector and target. The dotted line picture shows 
the position of the drive shaft and bushing when they have been turned 
through 180 0 relative to the solid line picture. A coordinate frame 
fixed to the drive shaft will not rotate relative to the laboratory as the 
shaft is turned. This is illustrated by the positions of the point A in the 
two shaft positions. The point A is fixed to the drive shaft. The drive 
shaft rotates with respect to the bushing assembly but not the bellows 
plate. It drives the output shaft via a slot in the driving disc. The main 
bearing is driven by 180: 1 spiroid gear. the pinion of which connects to 
a slip clutc h. Each feedthrough is equipped with angular stops and an 
angular scale and pointer, as well as a potentiometer for measuring 
ang Ie s. 
For bakeout, the entire driving mechanism is slipped off by re­
moving the bolts holding the support posts to the bellows flange and by 
removing the nut and end bearing from the drive shaft. A bakeout clamp 
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Figure 2.15. Rotary motion feedthrough. 
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replaces the dr iving mechanism and keeps the bellows from collapsing 
due to atmospheric pressure. 
Z.8 	 Vacuum System 
Z.. 8. 1 De scription 
In order that the measurements could be performed on a "clean 
surface, " the experiment was conducted in the ultra-high -vacuum sy s­
tem shown schematically in Figure 2.16. The main pump is a two-inch 
mercury diffusion pump, backed by a second identical pump. The back­
ing diffusion pump keeps the mercury in the main pump free of con­
taminants from the mechanical fore-pump. Condensation of the mercury 
at the intake of the main diffusion pump is accomplished by the use of 
an thermoelectrically cooled baffle. The main diffusion pump is iso­
lated from the chamber by two 2.-inch liquid nitrogen traps, joined by a 
flexible nipple, which allows each trap to be mounted so that is supports 
only its own weight, and is free to expand during bakeout. 
The chamber is connected to the traps through a two -and -one­
half inch valve. The pumping speed at the chamber, due to the diffu­
sion pump, was calculated to be about seven liters per second. The 
chamber is also connected to a tintanium sublimation pump with a cal­
culated speed of about 300 liters per second. 
The gas manifold is constructed from glass tubing and Granville­
Phillips leak and liZ-inch type C valves. It allows the introduction of 
reagent grade Oz, Nz and Hz into the system. 
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Figure 2.16. Schematic of vacuum system. 
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The system is bakeable to 450°C except for the baffle, diffusion 
pumps, and gas bottles. 
2,.8.2, Performance 
-10 
The system will produce pressures in the low 10 Torr range. 
Before the addition of the titanium sublimation pump and the installation 
of the experimental apparatus, measurements were made using a Varian 
partial pressure gauge. These measurements indicated that background 
pressures of gases, within the range of the gauge (1 to 70 AMU), with 
-II
the exception of hydrogen we re no greater than lOTorr The hydro­
-10 
gen partial pressure, which was in the low 10 Torr range made the 
largest measureable contribution to the total pressure, which was also 
-10 
in the low 10 Torr range. 
With the addition of the SUblimation pump and installation of the 
experimental apparatus, the partial pressure gauge was removed. A 
-10 
total base pressure in the low 10 Torr range was still obtained. By 
flashing the sublimation pump, the base pressure could be reduced by 
about 30 per cent. This presumably represented additional hydrogen 
-9 
pumping. However, a pressure rise into the 10 Torr range imme­
diately after closing the valve still persisted. This indicated the 
presence of a non-getterable gas, probably mercury vapor. 
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CHAPTER 3 
EXPERIMENT AL PROCEDURE 
3.1 Target Preparation 
A O. 02,5-inch thick slab was EDM machined from a tungsten 
ingot purchased from The Linde Company. After cutting, the slab was 
mechanically polished with a diamond grit. Periodically during the 
polishing, the surface was electro-chemically etched in a 1 per cent 
NaOH solution. The sample was then electro-polished in the NaOH solu­
tion to remove the damage due to the mechanical polishing. 
A Laue X -ray pattern indicated that the (100) face was tilted 
about an axis normal to the target surface by approximately 1.5 0 The• 
sharp spots in the pattern indicated that the damage due to machining 
had been removed. 
After polishing, the target was annealed at 2,2,00 oK for 24 hour s 
in vacuum. Following annealing, the target was heated to 2200 0 K for 
-6
another 2,4 hours in a 1 x 10 Torr atmosphere of oxygen to remove 
carbon contamination. During the entire heat treatment, the target 
temperature was monitored with an optical pyrometer. It was found, 
however, that the target temperature could be calculated fr om the power 
used to heat it. The temperature was determined from the power for 
sub sequent target heating. 
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3.2 Bakeout Procedure 
Afte r the target was prepared as de scribed above, the experi­
mental system was assembled and pumped down. After an equilibrium 
6 pressure was obtained (usually in the 10- Torr range), the sublimation 
pump filament was outgassed. The top trap and chamber were then 
baked at about 300°C. The bottom trap was kept filled during this period. 
After baking for about 8 hours in this manner, the top trap was filled 
with liquid nitrogen and baking of the chamber was continued for another 
8 hours with both traps filled. During the entire 16-hour bakeout period, 
the electron gun filament was operated at about 2/3 power. 
Following the initial 16-hour bakeout, the system was allowed to 
cool. After several hours, the main valve was closed, and the two traps 
were baked for about 8 hour s at 350 to 300°C. The bottom trap was then 
filled with liquid nitrogen and bake out of the top trap continued for another 
4 to 6 hours following which, it was filled, and the main valve opened. 
-10After a few hour s, a pre ssure in the low lOTorr region was obtained. 
3.3 In situ Target Preparation 
Before taking 	a set of measurements, the target was fired at 
7
about 2,200 o K in a 10- Torr atmosphere of oxygen for about 5 minutes. 
The tar get was then allowed to cool and the oxygen pumped away. After 
about 2,0 minutes, the oxygen treatment was repeated. The system was 
allowed to pump for several hours, and then the target was flashed re= 
-9peatedly at 2200 0 K until pressure bursts less than 1 x 10 Torr were 
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measured. Such a treatment produced stable diffraction patterns. 
During the measurement of angular and energy distributions, the 
target was flashed periodically in vacuum s from 2100 0 to 2600 oK to 
remove adsorbed gas. After 40 to 60 hours of operating time. 02 heat 
treatment was repeated. 
3,4 Measurement of the Detector Angle and Secondary Energy 
The power supply driving PI was set to sweep from 3 divisions 
to Z.O divisions on the X-axis of the recorder corresponding to an angular 
sweep from 150 (the angular position closest to the target normal) to 
100 0 (l0° past the target surface tangent), The power supply driving P z 
was set to sweep from zero to twenty divisions with the same recorder 
settings. The scale on the X-axis with switch S5 in position 1 was 
determined by the voltage across P 3 , This voltage was set to some 
convenient value (e.g. 100 volts) using a multi-meter, All energies 
were then measured using the X -axis recorder. 
3. 5 Primary Beam Production 
The primary beam energy is determined by the total voltage 
across the divider which provide s the gun-electrode voltage s, The 
power supply providing this voltage has digital control. This allows 
the primary energies to be easily and accurately reproduced. The 
primary energy is measured from elastically scattered electrons with 
the detector, 
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Using the 4: 1 anode voltage ratio, the beam was swept across the 
target with the deflection units while the current to the target was being 
measured at four mutually perpendicular target angles. In this way, 
it could be assured that the beam was striking the target near its center. 
This was done for several different primary energies. The results 
showed that the beam sampled different portions of the target for differ­
ent target angles. The only target angles used for the reported measure­
ments were those for which the beam was nearly in the center of the 
target. 
3. 6 De scription of the Measurement 
The kinds of measurements reported in the next chapter were 
de scribed in Chapter 1. We will, howeve r. review them here briefly. 
The experiment has four possible continuously variable param­
eters: 
(1) Primary beam energy 
(2) Secondary electron energy 
(3) Collector angle 
(4) Target angle. 
The actual measurements performed were of two different kinds. For 
each of these measurements, the primary energy and target angle 
remain 	fixed. 
The fir st kind of measurement is called an energy distribution, 
E 
\~~ (EL) and is the intensity of scattered electrons as a function of 
92 
energy loss with the collector angle fixed. 
The second kind of measurement is called an angular distribu­
tion. For this measurement, energy loss or secondary energy is 
E EL 
selected and held fixed and the intensity r,/ (9) is measured as a 
function of collector angle. 
3.7 Determination of the Target Direction 
The angular position of the target could be determined approxi­
mately by looking through a window in the chamber next to the electron 
gun port. By setting the target angle such that an edge of the rectangu­
lar target was perpendicular to the rotation axis of the collector, the 
collector would sweep very nearly in a (100) plane. Other target direc 
tions could then be selected by measuring the angle of target rotation 
using the pointer and dial on the driver assembly of the rotary-motion 
feedthrough. Once a direction was selected, it was more accurately 
dete rmined by maximizing the diffraction peaks for the direction with 
re spect to the target angle. Because, however, of mechanical m isalign­
ments, all diffraction peaks for a single primary energy do not maxi­
mize at the same target angle. For this reason, the target 
angle corresponding to a low order plane of the target could only be 
found approximately. 
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3,8 Variation of Experimental Parameters 
During the course of recording angular and energy distributions, 
the effects on the measurements of changes in some experimental 
param eter s were noted. 
Except for some minor intensity variations and shifts in the dif­
fraction angles which are to be expected, the effect of ZO per cent changes 
in the Helmholtz coil current were not important. 
The effect of electric fields due to the suppressor was checked 
by applying 0, ZZ 1/2, 45 and 90 volts to the suppressor, No important 
changes in the me asurements were noted. This suggested two things. 
First, that the fringing fields due to the suppressor were not seriously 
affecting the measurements, and second, that the collector snout was 
sufficiently limiting the stray scattered current that the suppre ssor was 
not needed. Therefore, the results presented in the following chapter 
were taken with a zero suppre ssor voltage. 
A comparison of energy and angular distributions taken in the 
two modes determined by switches Sl and S2 gives an indication of 
the effect of the potential difference between the chamber and shield. 
With S 1 and S in position 1 the potential difference between the shield2 
and chamber is 6V sin Wt + VR-v5' Wit h S 1 and S2, in position 2. 
the potential difference between the shield and chamber is 6V sin wt-V • 
The results were essentially the same in each mode. The data pre­
sented in the next chapter were taken with Sl in position 2,. S2, in 
position 2, and V = 0,
5 
6 
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In order to determine whether it was possible for current to 
reach the collector or collector lead without passing through the 
analyzer. energy and angular distributions were made with the guard 
voltage at the collector ground and at voltages from 45 to 100 volts nega­
tive with respect to tbe catbode. Putting the suppressor at the negative 
voltages, witb re spect to the cathode, reduces the se leakage currents. 
Even witb the rather elaborate shielding in this instrument, however, 
some leakage current was able to reach the collector with the guard at 
ground. With the cylindrical shield which surrounds the scattering 
region operating at the dc potential of the vacuum chamber. however. 
no leakage was detected. The existence of a voltage on tbe guard pro­
duced additional noise during the measurement of an angular distribu­
hon. For this reason, the guard was operated at ground (vacuum 
chamber potential). 
In order to observe tbe effect on an angular distribution of an 
electric field in tbe scattering region wbicb oscillates at tbe ripple 
voltage frequency. the ripple voltage removed from the born bardment 
assembly. Tbis was accomplished by disconnecting the bombardment 
assembly from BP2 (see Figure 2,,14) and connecting it to BPI. 
(Switches Sand S were in position 2, and V := 0.) Tbe effect is1 2, 5 
illustrated by the angular distributions in Figure 3. 1. 
Figure 3.2, illustrates tbe effect of electron gun focusing condi­
tions on the sbape of an inelastic angular distribution. Each of the 
three curve s is for a different anode voltage ratio. The ratio 4: 1 
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Fig're 3,1, 	 Angular distributions illustrating the effect of a voltage 
oscillating at the ripple-voltage-frequency applied to the 
bombardment assembly, The target, second anode of the electron 
gun, detector snout, shield grid, and suppressor are connected 
to BP2, The bombardment assembly is connected to BPI, Switches 
Sl and S2 are set to position 2 and Vo= O. Induced substructure 
shown in the dashed curve is caused by beam deflections across 
the snout apertures, 
----
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Figure 3.2. 	 Illustration of the effect of primary beam focusing parameters 
on the angular distribution of inelastically scattered electrons. 
The gun is operated in the decelerating mode. The anode voltage 
ratio is the ratio of first anode voltage to second anode voltage. 
Both voltages are measured relative to the cathode. An anode 
voltage ratio of 4: 1 corresponds to a beam focused at the target. 
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corre spond s approximate ly to the smalle st beam diameter at the target. 
3.9 Symmetry Checks 
The (001) face of tungsten is four-fold symmetric. Thus, one 
should obtain nearly the same re suits from measurements taken at four 
mutually perpendicular angles. The symmetry did not hold well for the 
measurements pre sented in the next chapter. No specific cause for this 
asymmetry could be found. The present feeling is that unless some un­
detected problem in the apparatus exists, that the asymmetry is due to 
a poor target surface, Since interpretation of a diffraction pattern 
taken in the manner described here is complicated by problems of mis­
alignments and ids, however, it is difficult to attribute the asymmetry 
to one specific cause. However, the existence of a weak centered 2, x 2, 
structure in the diffraction patterns illustrates that at least some con­
tamination is pre sent. 
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CHAPTER 4 
DATA 
4.1 Introduction 
Very few direct measurements of the angular distributions of 
inelastically scattered electrons have been reported. There is, then, 
very little detailed information concerning the nature of these distribu­
tions. For this reason, the initial measurements made with this 
instrument consist of a survey of angular and energy distributions" 
The object of this survey is to isolate those experimental results that 
appear to contain useful information concerning the surface -electron 
interaction. These results should then receive more detailed experi­
mental study at a later time, 
The data obtained from the survey measurements are presented 
and discussed in this chapter. They have been grouped into five sec = 
tions. In the first section (Section 4,2). angular distributions of elec­
trons that have lost several different quantities of energy are dis~ 
cussed. The electrons in each distribution were scattered from a beam 
with the same primary energy. These kinds of angular data are pre­
sented for each of two different primary energies. Section 4.3 con­
sists of a discussion of some selected energy distributions. One of the 
important features discussed in Section 4.2. is further illustrated in 
this section. In Section 4.4, angular distributions of electrons inelas­
tically scattered from beam s of several different primary energie s are 
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presented. Each distribution was taken for the sam e energy loss. 
These data are discussed for two different values of energy loss, each 
loss corresponding approximately to a characteristic energy loss. The 
effect of background gas adsorption on characteristic loss peak s is 
also discussed briefly. Data illustrating the effect on electron scatter­
ing of a few monolayers of nitrogen are discussed in Section 4,5. 
Finally, in Section 4.6, a particular aspect of angular structure is dis­
cussed. The primary aim of this discussion is to determine whether 
this structure is a real physical effect or the result of systematic 
exper imental error. 
The intensity reported here has been normalized assuming a 
constant primary beam current. Since the primary beam current 
actually decreases somewhat as the primary energy is decreased, an 
error results. For small fractional changes in primary energy (i. e. a 
few per cent), however, curves for different primary energies can be 
compared with small error, Further, since the current decreases 
monotonically as the primary energy is decreased, qualitative changes 
in intensity distributions w ill be preserved. 
For a few curves, the time elapsed between flashing the target 
and making a measurement correspond to a sizeable fraction of a mono­
layer adsorption time. However, comparison of curves taken immediately 
after flashing to 2.300 OK with curve s taken after elapsed time s correspond­
ing to the longest recorded for the curve s presented here showed no 
qualitative changes in the intensity distributions. Quantitative changes 
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were small. 
The survey was terminated by a failure in the experimental 
apparatus before the survey was completed. A few measurements 
which we would have liked to include were not made. Many of the re­
suIts have not been tested for reproduceability. However, a good indi­
cation of what kind of information is available from thls kind of measure­
ment has been obtained including som e effects not previously reported. 
4.2, 	 Dependence of Angular Distributions on Energy Loss with a Fixed 
Primary Energy 
4.2. 	I Introduction 
In this section, angular distributions of electrons that have lost 
several different quantitie s of energy by being scattered from beam s 
with pr imary energy of either 194eV or 88. 5eV are discu ssed. 
If the angular distributions of inelastically scattered electrons 
are related to elastic angular distributions (for example as predicted 
by the two-step model), the interpretation of this relationship will 
probably be sim p1.e st for curves involving only one diffraction peak. 
Normally incident pr imary beam s will produce only one diffraction 
peak in the ( 012) plane for energies ;5 300eV. Angular distribu­
tions for the two primary energies discussed in this section were mea­
sured in the ( 012 ) plane. 
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4.2,.2, Primary Energy of 194eV 
The sharp peak in the elastic angular distribution shown in 
Figure 4. 1 is the (12) diffraction peak. Evidence of the tail of a strong 
(22) diffraction peak is also apparent at a collector angle of 52,0. 
Figure 4.2 shows an energy distribution of electrons scattered from the 
194eV primary beam in the direction (12) diffraction beam. The sharp 
peaks corresponding to energy losses of about lleV and 25eV occur at 
nearly the same energy loss for all primary energies. These energy 
losses are in qualitative agreement with the values of characteristic 
8.9.18,19,20 
energy losses reported by other observers. 
The curves in Figures 4.3 through 4.8 show the angular distri­
butions of electrons for several different energy losses. The scattering 
plane and primary energy aLe those for Figure 4.1. In each curve, a 
sharp peak occurs near the (12) diffraction angle. A second peak is 
also present at about 52 0. 
The intensities of each of the two angular peaks discussed above 
have been plotted as a function of target angle (azimuthal angle) for two 
characteristic energy losses in Figures 4.9 and 4.10. In these Figures, 
the target angle corresponding to the (012) plane has been defined to be 
zero. In Figure 4.9. the intensities at collector angles of 35° and 53 0 
are plotted for an lleV energy loss. These collector angles correspond 
very nearly to the intensity peaks in Figure 4.4. Figure 4.9 shows 
that the 35 0 inelastic peak maximize s in the (012) plane. The 53 0 peak 
increases in intensity as the target angle moves away from the (012) 
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Figure 4.2. 	 Energy distribution of electrons scattered in the direction of the 
(1,2) diffraction beam corresponding to a primary energy, Ep' of 
194 eV. The abscissa is labeled with energy loss, EL , instead of 
secondary energy, E , in order to more easily identify energy loss 
s 
peaks characteristic of the target material. The distribution is, 
however, plotted with secondary energy increasing to the right to 
conform to energy distributions already in the literature, 
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plane toward the (011) pl ane. The intensity at this collector angle was 
found to maximize at the (2,2) diffraction peak. A similar plot, for an 
energy loss of 25eV is shown in Figure 4. 10. The curves in this figure 
show results similar to those in Figure 4.9. The inelastic intensity 
for each energy loss, then, maximizes at very nearly the same spatial 
positions as the corresponding elastic intensity. This result is in agree­
ment with the predictions of the two-step model. 
Some of the curves in Figure 4.4 through 4.8 exhibit additional 
angular structure superimposed on the broad angular peaks discussed 
above. Such structure we shall call fine structure. There is, evidence 
that some of the observed angular fine structure is due to experimental 
error; however, much of the structure is the re sult of a real physical 
effect. This evidence will be discussed in a later section. 
4.2,.3 Primary Energy of 88. 5eV 
Figure 4. 11 shows the angular distribution, again in the (012) 
plane, of elastically scattered 88. 5e V electr ons. T he sharp peak at 640 
corresponds to the (12) diffraction peak. The weak peaks at 16° and 36° 
wer e not inve stigated. 
Figure 4.12 shows the energy distribution of electrons scattered 
in the (12) diffraction direction (L e. collector angle of 64" and target 
angle the same as for Figure 4. 11). In addition to characteristic energy 
losses at 10eV and 20eV, there is a pronounced peak at about 5eV. The 
existence of a characteristic energy loss near 5eV is in agreement with 
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8 
the findings of Edward s and Propst. 
Figures 4.13, 4.14 and 4. 15 show angular distributions of electrons 
inelastically scattered from an 88. 5eV primary beam in the 120 plane. 
Again the peaks in these curves tend to occur at the same angles as peaks 
in the elastic angular distribution (Figure 4.11). Some of these peaks 
also exhibit fine structure or splitting. 
The curves in Figure 4.14 illustrate an effect that was not ob­
served in the 194eV data. Figure 4.14 shows angular distributions of 
electrons that lost 21eV and 23eV. At collector angles of 60° and 70°, 
these two distributions cross. Such a crossing corresponds to a shift 
in energy of a characteristic energy loss. This can be seen by making a 
three-point plot of the energy distribution at various collector angles 
using the data in Figure 4. 14. Such a plot is shown in Figure 4.16. For 
collector angle s between 60 ° and 70 0, a maximum (peak) in the ener gy 
distribution occurs at about 21eV (see Figures 4.12 and 4. 16). For 
angles less than 60° and greater than 70°, the intensity increases 
monotonically from 1geV to 23eV, indicating that the peak has shifted. 
The angular distribution for a 26eV energy loss, which is shown in 
Figure 4.15, suggests that the characteristic energy loss has shifted 
from its 2.1eV value at 64° to 25eV for collector angles between 27.5° 
and 55°. This is the value measured for a characteristic energy loss 
with the 194eV primary beam. Similar shifts in characteristic energy 
8loss have been observed by Edwards and Propst in this laboratory and 
9Porteus at the Michelson Laboratory. 
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4. 3 Energy Distributions 
In the last section, we discussed a shift in energy of a charac­
teristic loss as a function of collector angle. The shift was detected by 
observing an intersection of two angular distributions. Since the energy 
of a characteristic loss can be determined directly from a measurement 
of the energy distributions, shifts in the energy should be readily ap­
parent by examining energy distributions at different angles. Such a 
shift is illustrated by the three energy distributions in Figure 4.17. 
These distributions were all measured in the (001)* plane and for a 
primary energy of 2,0IeV. The collector angles, 51. 1 0 and 32° corres­
pond to the (03) and (02) diffraction angles, respectively, while 15° is 
the smallest angle obtainable without interference between the collector 
and electron gun. Thi s angle also cor re spond s very nearly to the (01) 
diffraction angle for 201eV. The energy of both strong peaks has shifted 
from 10. 5eV and 25eV at 32,0 to 12,. 5eV and 22. 5eV at 15°. 
There are two ways to compare energy distributions. The 
curves in Figure 4. 17 were measured for a fixed primary energy. 
Porteus observed shifts in characteristic energy losses with this kind of 
8
measurement. The shift observed by Edwards and Propst was mea­
sured at a fixed (specular) angle as a function of primary energy. A 
similar effect for a non-specular angle is illustrated in Figures 4.18 
and 4.19. These figures show energy distributions measured at a 
*The (001) plane was determined by finding the maximum intensity of the 
(02,) diffraction peak as a function of target angle. 
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Figure 4.19. Energy distributions measured at e = 15. 
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collector angle of 15° for four different primary energies. The energy 
distributions are presented for both the clean and gas covered surface. 
Let us first examine the distributions for the clean surface. The shift 
in characteristic loss is evidenced by the occurrence of the loss peaks 
at slightly different energies in each curve, The 5geV distribution 
shows a peak at 12. 5eV. The 6geV curve shows peaks at 11. 5eV and 
2,6eV. The 80eV curve has peaks at lleV and 2,6eV and the 90eV curve 
at 12eV and 24eV . 
Besides shifts in the energies of characteristic losses, strong 
relative intensity variations occur as a function of primary energy. 
Such variations are typical of all the data taken in the survey. Besides 
the strong intensity variations, change s in peak widths are also apparent. 
This width change is particularly suggestive in Figure 4, 17. Here it 
appears that a peak may exist at an energy loss between lleV and 26eV. 
Intensity changes in such a peak could account for both the changes in 
peak widths and the shift in the energies of the loss peaks. A peak at 
about 15eV has been detected by Edwards and Propst in this laboratory 
for at least one pr imary energy. Whether or not thi s peak causes shift s 
in other peaks, however. has not been established. 
Figures 4. 18 and 4. 19 also illustrate the effect of the adsorp­
tion of many mono1ayers of background gas on the tungsten surface. 
The effect of gas coverage is somewhat different for each primary 
energy. The change in the energy distribution near the 5eV loss is per­
haps the most convincing evidence that this characteristic excitation 
12, 8 
occurs at these primary energies and in this direction. 
4.4 	Dependence of Angular Distribution on Primary Energy w. ith a 
Fixed Energy Loss 
4.4. 	1 Introduction 
In this section, angular distributions of electrons corresponding 
to fixed energy losses are displayed for several different primary ener­
gies. All distributions were measured in the (00l) plane. In each 
figure, three angular distributions are plotted. One for electrons 
scattered inelastically with an energy loss EL from a primary beam 
of energy E, and two for elastically scattered electrons of energies
P 
E and E I where, E I is equal to the secondary energy of the inelas­p p p 
tically scattered electrons. That is 
EI E _ E . (4. 1) 
P P L 
It is reasonable to suppose that some correlation exists between 
the inelastic angular peaks and the elastic diffraction peaks correspond­
ing to either or both of these energies. By displaying the three curves 
together. any simple correlation should be more easily observed. 
Data are displayed for energy losses of 5eV and 10eV. The 
energy los se s were cho sen to correspond to characteristic losse s found 
in the energy distributions. Similar data are not included for the los s 
peak at about 23eV because the apparatus failure occurred before these 
data were taken. 
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4.4.2, Energy Loss of 10eV 
Figures 4.20 through 4.26 show angular distributions of elec­
trons having lost 10eV by scattering from primary beam s of several 
different energies. As discussed above, each figure also displays angu­
lar distributions of elastically scattered electrons with energies corres­
ponding to the primary and secondary energy of the inelastically scattered 
electrons. The figure s are arranged in order of decreasing primary 
energy. 
If we compare the angles at which inelastic peaks occur with the 
angles of the elastic peaks in each of these figures, we note a strong 
correlation. The inelastic peaks occur at very nearly the same angles 
as the elastic peaks. In Figure 4.24 the inelastic peak at 72.5 0 corres­
ponds almost exactly to the (02) diffraction angle for elastically scattered 
e lectr ons of the same primary ene rgy. Further, the inelastic peak at 
35° appears at the (01) diffraction angle for elastically scattered elec­
trons with the same secondary energy. The inelastic peak at 52 0 in 
Figure 4.2,2, is another example of an exact correspondence. Most of 
the inelastic peaks, however, do not occur at angles corresponding 
exactly to the diffraction angles. The inelastic peak in Figure 4.2,2 at 
2,3°, for instance, is shifted in angle away from the (01) diffraction 
peak corresponding to either elastic distribution. In addition, the peak 
also exhibits a faint fine str ucture. More pronounced fine structure 
can be found in Figur e 4.2,3. Some ine lastic peaks, such as the one s 
in Fi gures 4.2,0 and 4. 21, show asymme trie s in the angular shape. 
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Figure 4.26. 	 Angular distributions of elastically and inelastically 
scattered electrons. 
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We conclude then, that although the inelastic and elastic angular peaks 
tend to occur at very nearly the same angles, the correspondence is 
seldom exact. The peaks also often exhibit fine structure and assym­
metries in angular shape. 
4.4.3 Energy Loss of 5eV 
Figures 4.2,7 through 4.33 illustrate angular distributions of 
electrons having lost approximately 5eV by an inelastic collision. These 
curves were taken in the same plane as the angular distributions for lOeV 
losses presented in the last section. Like the curves for the lOeV loss, 
angular distributions of elastically scattered electrons corresponding to 
the pr imary and secondary energie s of the inelastically scattered elec­
trons are also presented. 
The results exhibit effects similar to those for the lOeV loss. 
One additional effect, although present in some angular distributions 
(c. f. Figure 4.24) in the last section, becomes pronounced in Figure 
4.27. A satellite peak is apparent at about 43 0. A similar effect oc­
curs in Figure 4.49 at 21. 5°, The satellite peaks reflect the structure 
in the elastic angular distributions. In each Figure (4.2.7 and 4.29), 
this structure is very weak in the elastic distributions. It appears to 
be somewhat magnified in the inelastic distributions. 
--
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Figure 4.30. 	 Angular distributions of elastically and inelastically 
scattered electrons. 
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Figure 4.31. Angular distributions of elastically and inelastically 
scattered electrons. 
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Figure 4.32. Angular distributions of elastically and inelastically 
scattered electrons. 
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4.5 	 Angular Distributions of Electrons Scattered from Nz Covered 
Tungsten 
Thus far, we have di scussed the results of scattering from a 
clean target and a few results from a target which has been exposed to 
background gas for time intervals large compared to a monolayer ad­
sorption time. In this section, we will discuss some data illustrating 
the effect on the angular distributions of exposure of the target to Nz 
for time intervals of the order of a monolayer adsorption time. 
The effects of Nz adsorption on elastic scattering from (100) 
21 
tungsten have been studied by Estrup and Anderson. Half-order 
diffraction peaks appear in the elastic di stribution of 80e V electrons 
shown in Figure 4.34. This is in agreement with the centered 2, x 2, 
diffraction pattern observed by Estrup and Anderson, Figure 4.35 
shows the effect on the intensity of elastic scattering in the (001) plane 
for energy of 6geV. That no additional peaks appear in this plane with 
Nz adsorption is also in agreement with the results of Estrup and 
Anderson. 
Figures 4.37 through 4.39 compare the effect on the angular 
distributions of electrons scattered inelastically from clean tungsten 
to those scattered from a nitrogen covered surface. The primary 
energy for these measurements is 73 eV, and the scattering plane is 
(001). Figure 4.37 shows the angular distribution of electrons which 
lost 4eV and 10eV by scattering from the clean tungsten surface. Both 
curve s show evidence of ve ry strong peaks near normal reflection. 
Similar ly, the intensity of the elastically scattered electrons (Figure 
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4.36), is also increasing with decreasing angle at 15°. Peaks in the 4eV 
and 10eV inelastic distributions also occur near both diffraction angles, 
and there is a fairly pronounced satellite peak near 52 ° in the 1Oe V 
di stribution. 
Figure 4.38 compares 4eV inelastic distributions for the clean 
and nitrogen covered surfaces. The distribution corresponding to the 
clean surface is the same 4eV distribution that appears in Figure 4.37. 
The distribution for the nitrogen covered surface corresponds to the 
same scattering conditions as for the clean target case except for the 
exposure of 10L* of Nz. At 15°, the intensity has decreased due to nitro­
gen adsorption. This is also the case at the (02,) diffraction angle (79°). 
However, the intensity is enhanced at the (01) diffraction angle (36°). 
The se results appear to correspond reasonably well to the effect of nitro­
gen adsorption on the elastic scattering illustrated in Figure 4.35 with 
one exception. In Figure 4.37, the intensity is increasing at 15°. 
Figure 4.39 also compares inelastic angular distributions for 
clean and nitrogen covered surfaces. The electrons in these distribu­
tions have lost 1Oe V. All other experimental conditions are the same 
as those for the data in Figure 4.42. For the 10eV inelastic distribu­
tions, the intensity at each diffraction angle is affected the same way 
as the intensity in 4eV distributions. At 15 0. however. the intensity 
for the 10eV loss is greatly enhanced with gas adsorption as opposed 
6
*L = Langmuir. One Langmuir corresponds to 10- Torr-seconds or 
about enough gas to form one monolayer. 
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to the decrease in intensity at the same angle as for the 5eV loss 
curves. Further, there appears to be an enhancement of background 
scattering with nitrogen adsorption in the 10eV curves which is not as 
pronounced in the 4eV curves. 
4. 6 Fine Structure 
Earlier in this chapter, we stated that there was evidence that 
fine structure in angular distributions was partly due to experimental 
error. It is important to keep in mind. however, that this error only 
seriously affects the fine structure. The gross angular structure would 
not be significantly altered. On the other hand, the fine structure is a 
new effect and is of potential importance, so we would like to be sure 
that it is not due to a systematic experimental error. As we shall see 
although some erroneous structure may be present, some of it is 
certainly real. 
It is convenient to begin by suggesting a mechanism capable of 
producing erroneous fine structure. In order to do this, let us re­
view two re sults of the data. Fir st, that many angular peaks tend to 
occur at or near diffraction angles corresponding to the primary energy 
of the inelastically scattered electrons. Second, the elastic intensity 
at these angles is between 2,0 and 200 times the inelastic intensity. It 
would not be surprising then, if a small modulation of the elastically 
scattered current produced a sizeable error signal during the measure­
ment of inelastic intensity distributions. A means for such a modulation 
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has been suggested in Section 2,.4.4. There, it was pointed out that 
the manner with which the ripple voltage is provided causes the presence 
of small alternating electric fields at the ripple voltage frequency (lkC) 
in the scattering region. * 
If the modulation of the elastically scattered current is too small 
to affect the elastic intensity distribution, the angular width of the error 
signal in the inelastic distribution will be about the width of the diffrac­
tion peak. Since the width of the diffraction peak is small com pared to 
the angular width of an inelastic peak, the effect of a small modulation of 
the diffraction peak is to produce an angular structure at the diffraction 
angle with width small compared to the width of the inelastic angular peak, 
thus giving rise to an erroneous fine structure. Regardless of the exact 
nature of the modulation, a few properties of the error signal can be 
determ ined. 
(a) 	The error signal will be in the neighborhood of the diffrac­
tion peak for the primary energy. 
(b) 	The error signal will be about the same angular width as the 
diffraction peak. 
(c) 	The error signal will add positively to the real signal if the 
two are in phase and negatively if it is out of phase with the 
real signal. 
(d) 	For a given primary energy, the error signal will occur for 
all energy losses. 
At 	this point, let us examine some of the properties of the fine 
*Figure 3. l, which was discussed in Chapter 3 illustrate s quite clearly 
that the existence of a sufficiently large oscillating field can cause 
erroneous splitting or fine structure in the inelastic angular distribu­
tions. 
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structure exhibited by the 194eV curve s in Figure s 4.4 through 4. 8. 
The fine structure is most apparent in the very broad and relatively 
weak peaks at energy 10sse s larger than Z5eV. The fine structure in 
the 2.geV curve appears to be very similar to the fine structure in the 
53eV curve. In both curves, the shape of the fine structure is that 
which would occur from a combination of transverse deflection and 
simple intensity modulation of the elastically scattered electrons. In 
other measurements, fine structure in regions of broad and weak angu­
lar peaks has a similar shape and also appears to be nearly independent 
of energy loss. The shape of the fine structure and the fact that it does 
not depend on the energy loss in these regions are the most convincing 
evidence for er roneous fine structure due to modulated elastic current. 
Furthermore, to conclude that the splitting is real because it doe s not 
occur in every inelastic peak is incorrect. It can be shown that for a 
peak which is sharp enough and intense enough relative to the elastic 
beam that a modulated beam would not induce a fine structure. 
The difficulty in determining whether or not fine structure is 
real is caused by the fact that nearly all of the observed splitting occurs 
in the neighborhood of the diffraction peak which corresponds to the 
primary energy of the scattered electrons. Therefore, a strong elas­
tic beam is reaching the collector while the inelastic structure is being 
measured. To show then, that splitting occurs at angles at which no 
strong elastic beam reaches the collector would be convincing evidence 
that at least not all the observed splitting is erroneous. Figure 4.40 
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shows the angular distribution of electr ons scattered inelastically 
in the (010) plane from 5ZeV primary beam, This angular distribution 
is for electrons that lost lleV. Also shown are the angular distribu­
tions of elastically scattered electrons for energies corresponding to 
the primary and secondary energies of the elastics. A pronounced 
splitting exists around the diffraction angle corresponding to the 
secondary energy. During the measurement of the fine structure in this 
figure. the strong elastic signal is not reaching the collector. It is 
then not possible to explain the fine structure in this figure by a modu­
lated elastic signal. A similar angular distribution is shown in 
Figure 4, 2,5. 
We conclude then that some erroneous fine structure may exist, 
and in many case s it is difficult to judge whether or not the fine struc ~ 
ture is a real effect. At the very least, however, some of the fine 
structure is undoubtedly a real physical effect. 
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CHAPTER 5 
RESULTS AND CONCLUSIONS 
5. 1 Summary of Effects 
The data presented in the last chapter, as we have said before, 
are the results of a survey of angular and energy distributions. Let us 
begin discussing these results by classifying them in a manner that will 
allow the main features of the data to be easily summarized. The re­
sults can be put into two main categories: results concerning angular 
structure, and results concerning structure in energy distributions. 
Each of these categories can be subdivided according to whether the 
measurements were performed on a clean surface or a contaminated 
one. 
The main features of the measurements of angular distributions 
of inelastic scattering from a clean tungsten surface are two-fold. 
First, the inelastic angular peaks tend to occur at nearly the same 
spatial directions as the elastic angular peaks. Although this result 
has been deduced from several other measurements, this is the first 
time it has been observed directly by measurement of the spatial dis­
tr ibution of ine lastically scattered electrons ove r a wide range of 
angles with a reasonably good energy resolution. Second, superimposed 
on these angular peaks is a fine structure which usually appear s as in a 
doublet peak. This effect has not been reported previously. 
Measurements of the effect of gas coverage on angular distribu­
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tionstions were few in number. Those measurements that were made, 
however, suggest that peaks in the angular distribution of inelas­
tically scattered electrons behave, in most cases$ the same way as peaks 
in the angular distributions of elastically scattered electrons. That is, if 
the intensity of a diffraction peak increases (decreases) the intensity of 
the corresponding inelastic peak will also increase (decrease). One ex­
ception* to this rule was observed in Figure 4.39. The sensitivity of the 
background intensity to gas adsorption is different for the two cases shown 
in Figures 4.38 and 4.39. Additional measurements are necessary before 
anything further than that can be concluded about the background intensity. 
Measurements of energy distributions for the clean surface are 
. 1" . h h f h' , 8, 9. 18, 19, 2aln qua ltatlve agreement Wlt t ose 0 ot er lnvestlgators. 
This includes the 5eV (Figure 4. 12) peak which although has been ob­
8 
served but has not yet been reported. We also found evidence that a 
peak exists between l2eV and 24eV (Figure 4. 17). This agrees with the 
8 
15eV peak observed under some conditions by Edwards and Propst. 
The energy losses at which peaks were observed were found to shift 
slightly as a function of both primary energy and scattering angle. 
Again, this is in qualitative agreement with the re suIts of other ob­
server s but it is not yet fully under stood. 
Even though the data are few for the gas covered results, the 
*One possible explanation of this exception is that the increase in the 
background intensity is str onge r than the decrease in the intensity of 
the specular peak. The net re suit then being a net increase in intensity 
at 15°. 
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measurements that were made indicate a strong dependence of intensity 
change due to gas adsorption on primary energy as well as energy loss. 
That is, for a particular energy loss, whether the intensity increases or 
whether it decreases depends on the primary energy. 
5.2 Conclusions 
At the end of Chapter 1, we summarized qualitatively the pre­
dictions of the two-step model. Let us review those predictions here 
and compare them with the results of this experiment. Fir st. the spatial 
positions of inelastic intensity peaks should be nearly the same as the 
spatial position of elastic peaks. This is the result that was observed. 
Second, the model predicted a fine structure in the inelastic peaks. 
Such a fine structure was also observed. Third, shifts in energy loss 
of characteristic peaks in the energy distributions were also predicted 
by the model and observed in these measurements. Qualitatively then. 
the theory and experimental results are in agreement. even through a 
detailed experimental verification does not yet exist. 
Clearly the use of spatial or angular distributions of low energy 
inelastic back-scattered electrons as a tool for the investigation of the 
propertie s of surface s is still in its infancy. T he theory is largely un­
tested and measurements are difficult because of the large number of 
variable parameter s. Even so, many important re suIts have already 
been obtained and many exc iting avenue s for futur e inve stigation are 
indicated. 
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APPENDIX 
CONSTRU CTION OF ANALYZER GRIDS 
The key to constructing a retarding grid analyzer like the one 
used for this measurement is the ability to make the grids. Each grid 
consists of a set of equally spaced wires fastened to a grid plate. 
Figure A. 1 shows a grid plate, winding spindle, and clamps. The wire 
(. OOOS-inch diameter tungsten)* is wound around the spindle with the 
desired spacing (.005 inch), and fastened to the grid plate by brazing. 
T he wire s are then cut along the edge s of the gr id plate and the 
finished grid removed. The spring-loaded clamps are used to hold 
down the grid plat e, the starting end of the wire, and the finishing end 
of the wire. The grid plates are liZ-inch square, and. 007-inch thick 
tungsten, with holes in the center. The dimensions of holes were dis­
cussed in Chapter Z, Section 2.4.3. 
The winding device, with the spindle mounted, is illustrated in 
Figure A. Z. A motor turns the spindle and, through a train of spur 
gears, a lead screw. The lead screw drives the spindle carriage along 
the carriage gUide bar. The spindle coupling allows the spindle to be 
rotated while simultaneously translating along its axis of rotation. By 
selecting the proper gear ratios and lead-screw pitch, the desired wire 
spacing can be obtained. 
*Grids were also wound using tungsten wire as small as 0.0003 inches 
in diameter. Because of the low tensile strength in these wires, how­
ever, much breakage occurred during the brazing process. 
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Figure A.l. Spindle and grid assembly. 
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Figure A.2. Winding device (second teflon guide not shown). 
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Figure A.3 illustrates the wire-handling mechanism. The wire 
comes off the spool and passes over the first teflon guide. Between the 
spool and first guide a weight is hooked to the wire. The weight applies 
tension to the wire. It is insufficient, however, to cause the wire spool 
and spool crank to turn. Enough tension must be applied to insure a 
uniform grid. Too much tension will, of course, cause frequent wire 
breakage during the winding or brazing process. (For the O. 0003-inch 
wire, too little tension can allow the wire to snag on the spool while it 
is being unwound. As the wire pulls free the weight drops, and the high 
acceleration at the end of the drop can cause the wire to break). 
As the winder uses wire, the weight rises. When more wire is 
needed, it is supplied by turning the spool crank by hand. In this manner, 
the tension is kept nearly constant throughout the winding process. 
After passing over the first guide, the wire passes through the 
second teflon guide which place s it on the spindle. The tension on the 
wire cau se s it to cut its own groove in the teflon guide, thus almost com­
pleting eliminating any error due to a large guide groove, It is important 
that the second guide be kept as close as possible to the spindle. 
In order to wind grids wi th a O. OOS-inc h spacing within an error 
of 1010, the absolute error is .±. .0005 inchef. This requires that the 
device be a precision machine. It is absolutely necessary that the lead 
screw be straight and accurate. Commercial screw stock is not good 
enough. The guide bear is centerless-ground, 1/4-inch diameter stain­
less steel. It moves through holes in 1/4-inch thick teflon plates 
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fastened to each end of the spindle carriage. The fit between the teflon 
holes and guide bar is almost a light pre ss. A spring has been inserted 
between the one end of the spindle and the spindle bearing in order to 
eliminate spindle end play. The entire spindle must be artificially 
loaded in order to take out backlash in the gear train and spindle coupling. 
The finishes on the spindle and grid-plate surfaces and edges are always 
kept very smooth and clean. Grids have been wound with error s of 
,:,0.0003 -inch using motor speeds as high as 6 rpm. 
The wires were fastened to the grid plates by hydrogen furnace 
brazing with the winding spindle serving as the brazing jig. A standard 
copper -gold braze was used. After brazing, the grids were removed 
from the spindle by cutting the wires along the edge of the grid plate 
with a razor blade. Because of the difference in thermal expansion of 
the spindle and the tungsten, an increase in tension occurs during the 
brazing proce ss. Therefore, too much tensi on applied dur ing the wind­
ing process results in wires breaking during brazing. Some grids were 
also made using. OOI-inch diameter molybdenum wire and. 005-inch 
thick molybdenum gr id plates. T he tension required to insure a uni­
form spacing was too great for the brazing process. Instead of break­
ing, however, the wire was stretched beyond the elastic limit and be­
came dead soft. Although the se grids could still be used, they were 
highly susceptible to damage. The wires could be permanently bent, 
for instance, by dipping the grids into water. 
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